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Abstract

Transplantation of hematopoietic cells is a critical component of treatments used to cure a range
of malignancies and congenital disorders. Cells with rapid but short-term repopulating ability
(STRCs) are the main source of neutrophils and platelets early post-transplant, but methods to
increase their availability are lacking. In this study the use of NOD/SCID-IL-2Receptor-ychain-
null mice engineered to produce human interleukin-3, granulocyte-macrophage colony-
stimulating factor and Steel factor as hosts of CD34% cells was shown to improve the
quantification of human STRCs. This mouse was found to support a 5-fold higher human
myeloid cell output at early time-points post-transplant, sufficient to assess total engraftment
from an analysis of circulating human cells. This strategy was then used to determine the optimal
protocol for mobilizing STRCs in normal adult human donors, comparing administration of
granulocyte colony stimulating factor (G-CSF) plus plerixafor (P) to administration of P alone.
Blood and marrow samples were obtained from 10 normal adult donors before, during, and after
treatment and then evaluated for their content of CD34" cells, colony-forming cells (CFCs), long-
term culture-initiating cell activity, and cells with in vivo STRC activity. The results show all
activities were maximally increased in the blood 4 hours after administration of P, with or
without pre-treatment with G-CSF. In vivo assessment showed that administration of P led to a
30-fold increase in STRC activity over baseline levels, with further enhancement (90-fold over
baseline) by prior G-CSF treatment. The ability of currently available growth-factor (GF)-
containing HSC expansion protocols to support the expansion of STRCs was then assessed. The
results revealed a significant (10-fold) loss of STRC activity after being cultured for 7 to 10

days, in spite of an extensive increase in CD34" cells and CFCs. This GF-induced loss of in vivo
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STRC activity occurred within 24 hours, and was paralleled in time and amount by a loss of CFC
homing to the bone marrow. Together these findings provide a further understanding of STRC
biology and provide a foundation for developing improved yields of manipulated STRCs for

clinical use.
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Chapter 1: Introduction

1.1 Clinical hematopoietic cell transplantation

The clinical use of hematopoietic transplants is an established treatment modality for patients
with a variety of diseases. Historically a major consideration has been to keep the procedure as
effective as possible generally with minimal ex vivo handling of the cells, with success being
ultimately determined largely by the cellular composition of the transplant. Broadly speaking,
transplants have two major applications. Most frequently, hematopoietic cell transplants are used
to rapidly and permanently restore blood cell production in patients, primarily patients with
hematological malignancies, whose endogenous supply of stem cells and progenitors is
compromised by the intensity of the chemotherapy and/or whole body radiotherapy used to treat
the patient. The co-infused immune effector cells in allogeneic transplants offer an additional
important therapeutic contribution in such patients as they recognize the residual malignant cells
as foreign and assist in their elimination. However, the downside is the ability of these cells to
also cause graft-versus-host disease (GVHD) by attacking normal host tissues (Goldman et al.,
1988).

The other major use of hematopoietic cell transplants is to correct an inherited genetic
disorder or an acquired autoimmune disorder. In such patients, a myeloablative preparative
regimen is used to eliminate the recipient’s hematopoietic stem cells (HSCs) and derivative
progenitors to enable the transplanted cells to regenerate a new and permanent supply of mature
blood cells. In both of these scenarios, a prompt resumption of neutrophil and platelet production

is a principal determinant of clinical success. Other considerations relate to the choice of donor
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and source of the cells to be transplanted. Different types of donors include the patient
(autologous transplants) as well as other, normal individuals (allogeneic transplants). Different
cell sources now in widespread use include bone marrow (BM), granulocyte-colony-stimulating
factor (G-CSF)-mobilized peripheral blood (mPB), and cord blood (CB).

Improving the content of the transplant for all of these applications remains a highly
sought goal. To this end, much effort continues to focus on the development of specific and
direct methods to quantify the cells able to provide both immediate and sustained outputs of
mature blood cells, as well as to understand their engrafting efficiencies, the spectrum and

durability of their output capabilities, and methods for their expansion ex vivo.

1.2 Hematopoiesis

Experiments in mice were the first to reveal a hierarchy of cell states that enable successive
waves of repopulation and production of an increasing range of mature blood cell types
(Hodgson and Bradley, 1979; Jones et al., 1990; Magli et al., 1982). This model supports the
concept of clonal succession during the initial period post-transplant, but does not exclude a role
of stochastic mechanisms or extrinsic factors also contributing to a changing clonal landscape of
blood cell production (Lemischka, 1991). Increasingly powerful cell purification and analytical
strategies applied to mouse HSCs now suggest that the mechanisms regulating their self-renewal
and lineage potential at the single cell level are not as tightly linked as historically assumed
(Copley et al., 2012; Muller-Sieburg et al., 2012).

The development of long-lived immunodeficient mice that can be engrafted with human

cells has unveiled a comparable multi-step process in the human hematopoietic system with



accompanying inherent and extrinsic sources of clonal variability. Such information has come
from cell separation experiments using antibodies against cell surface proteins to segregate the
cells of interest (Glimm et al., 2001; Notta et al., 2011), and from clonal tracking studies utilizing
analysis of vector integration sites (Guenechea et al., 2001) or barcoded genomic inserts (Cheung
et al., 2013). Relevance of these findings to transplants in people is supported by several gene
therapy trials where the unique insertion sites of transduced therapeutic genes have been used to
track the outputs of multiple clones in individual patients over many months and, in some cases,
for several years post-transplant (Adair et al., 2012; Aiuti et al., 2013; Biffi et al., 2013;
Cavazzana-Calvo et al., 2010; Payen and Leboulch, 2012). However, interrogation of the biology
regulating these clinical results requires the use of assays specific for the responsible classes of

repopulating cells.

1.2.1 Repopulating cell subsets and methods of their detection

1.2.1.1 Colony-forming cells (CFCs)

The earliest in vitro assays for human clonogenic progenitors were developed following the
successful demonstration of such assays for mouse hematopoietic cells. The latter were based on
the discovery that colonies of hematopoietic cells could be obtained by plating relatively small
numbers of mouse bone marrow cells in a layer of semi-solid agar above a layer of mouse kidney
or embryo feeder cells (Bradley and Metcalf, 1966; Pluznik and Sachs, 1965). The use of semi-
solid media enabled the clonally generated cells to be spatially restricted and hence enumerated

by basic light microscopy. The earliest human CFC assay consisted of a lower layer of mouse



kidney cells and an upper layer of agar containing 10% human serum and the hematopoietic cells
to be tested (Senn et al., 1967). These culture conditions were found to support the development
of colonies of mature granulocytes at a frequency of 1 in 3000 from adult human BM and the
number of colonies obtained was a linear function of the number of initial nucleated cells plated
over a certain range of input cell concentrations. The human CFC assay now in widest use
involves suspending the test cells in a single layer of a highly viscous methylcellulose-containing
medium supplemented with 30% fetal bovine serum (FBS) and the recombinant human growth
factors (GFs) erythropoietin (EPO), Steel factor (SF), Interleukin-6 (IL-6), IL-3, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and in some cases G-CSF (Hogge et al.,
1996). These conditions support the clonal differentiation of a wide range of mature myeloid
cells including erythroid cells (from erythroid colony-forming units/cells, CFU-Es; and more
primitive erythroid burst-forming units/cells, BFU-Es), GM cells (from CFU-GMs), and cells of
both of these lineages (from CFU-GEMMs). However, as the production of human lymphoid
cells is not supported under these conditions, this system cannot test for any possible
concomitant lymphoid differentiation potential of any of these input cells.

The size of the erythroid, GM or mixed colonies obtained under these conditions
correlates with the differentiation state of the initial cell, with many types of experiments
demonstrating that larger colonies are derived from cells that overlap phenotypically with cells
with other characteristics of very primitive hematopoietic cells (Cheung et al., 2012; Majeti et
al., 2007; Sauvageau et al., 1994). However, because no category of CFC consistently correlates
with the number of cells with long-term in vivo repopulating ability, assays with increased

specificity for such primitive cells are needed.



1.2.1.2 Long-term culture-initiating cells (LTC-ICs)

Precursors of CFCs (i.e., detected based on their ability to form scorable colonies within 2-3
weeks in semi-solid medium) can be identified by their ability to generate progeny CFCs for
many weeks. This can be achieved by co-culturing human test cells with a preformed adherent
layer of irradiated marrow ‘“stromal” cells (Sutherland et al., 1990) or irradiated murine
fibroblasts that display equivalent supportive activity (Sutherland et al., 1989). Use of such
fibroblasts that have been genetically engineered to permanently produce human SF, IL-3 and G-
CSF enhances the number of CFCs present after 6 weeks and hence improves the sensitivity of
the assay (Hogge et al., 1996). The 6-week period allows the majority of CFCs in the input to
differentiate into more mature cells so that any CFCs then present can be inferred to represent the
progeny of a more primitive ancestral population. These cells are referred to as LTC-ICs, and
can be prospectively separated away from the bulk of the CFCs based on their different forward
light scatter characteristics, readily detectable expression of CD34 and CD90 and lack of
expression of CD45RA, CD71 and CD38 (Baum et al., 1992; Craig et al., 1993; Hogge et al.,
1996; Sauvageau et al., 1994; Udomsakdi et al., 1992). Further evidence of the distinct biological
states of CFCs and LTC-ICs comes from experiments showing the different GF concentrations
required to maximize their production in liquid expansion cultures initiated with CD34*CD38§"
cells from either BM or CB (Petzer et al., 1996a; Zandstra et al., 1998, 1997). Colonies plucked
from 14-19 day old CFC assays contain cells that proliferate in secondary CFC assays, although
they do not contain cells detectable as LTC-ICs. Interestingly, methylcellulose assays of adult

cells do not appear to support the growth of LTC-ICs (Petzer et al., 1996b).



The LTC-IC assay detects the ability of a cell to survive, proliferate and differentiate for
an extended period of time in LTC conditions. However, to test the more complex requirements

of in vivo repopulation, more stringent assays are required.

1.2.1.3  Short term in vivo repopulating cells (STRCs)

The likely existence of human hematopoietic cells with early but transient repopulating ability
was first suggested by experiments in mice that showed most blood cell production after more
than a month or two post-transplant did not originate from spleen colony-forming cells, even
those with self-renewal ability, but rather, from cells with different physical properties that allow
their prospective separation (Jones et al., 1990). Parallel evidence of a similar situation in
humans was provided by the observation that in vitro pre-treatment of autografts with 4-
hydroperoxycyclophosphamide (4-HC) resulted in a consistent delay in the neutrophil and
platelet recoveries subsequently obtained when these cells were transplanted back into their
donors (Yeager et al., 1986). This idea was further supported by the finding that 4-HC treatment
also selectively killed cells with immediate clonogenic activity in vitro, with little effect on their
more primitive precursors detectable as LTC-ICs (Udomsakdi et al., 1992). Later, when mice
with genetically determined immunodeficiencies sufficient to enable human hematopoietic cells
to engraft at high efficiency were developed (Kamel-Reid and Dick, 1988; Shultz et al., 2012), it
was discovered that human cells with rapid but short term repopulating activity (STRCs) are
more sensitive to elimination in mouse hosts by CD122* natural killer (NK) cells than are cells
with more durable repopulating activity (Glimm et al., 2001; McKenzie et al., 2005). Cell

separation experiments further showed that the earliest wave of repopulation that peaks at 3



weeks post-transplant is derived from cells with a CD34*CD38" phenotype which in CB, adult
BM and mPB harvests, appear largely myeloid-restricted (Figure 1.1). Accordingly, these cells
were called short term repopulating cells-myeloid (STRC-Ms). In these same experiments
(Glimm et al., 2001), it was noted that STRC-Ms in CB samples were less well represented than
cells with more durable and lympho-myeloid repopulating activity in immunodeficient mice -
thus offering a possible explanation for the relatively poor initial rates of neutrophil and platelet
recovery seen in patients transplanted with CB cells.

Additional characterization of STRCs has been provided by studies exploiting even more
permissive  NOD/SCID-IL-2Ryc-null (NSG) mice than the NS-B2-microglobulin-null mice
initially used by Glimm et al. (Glimm et al., 2001) or the NS mice pretreated with anti-CD122
antibody used by the Dick group (McKenzie et al., 2005). These more recent experiments have
shown that some of the circulating human platelets and neutrophils produced within the first 3
weeks post-transplant derive from separate populations in the initially transplanted cells, as the
input cells responsible for these early outputs do not have identical phenotypes and may be
numerically dissociated (Cheung et al., 2012). Quantification of the numbers of these different
types of STRCs in human CB and mPB by limiting dilution assays (LDAs) indicates that an
average CB harvest contains >20-fold fewer rapid platelet repopulating cells and rapid neutrophil
repopulating cells than an average mPB harvest, despite the 3-fold difference in the number of
cells able to produce neutrophils in NSG mice many months post-transplant. Interestingly, total
cell outputs per STRC have proven to be the same for both CB and mPB STRCs. However, the
PB levels of human platelets obtained in NSG mice still seem low given the level of chimerism
evident in the BM. This suggests a persistent host macrophage-mediated mechanism causing the

premature removal of newly released human platelets (Hu and Yang, 2012). Together, these



experimental findings solidify the concept that human bone marrow STRCs represent a distinct
subset of cells that can differentiate into mature blood cells sooner than coexisting cells with
sustained repopulating activity with both being required to achieve rapid and sustained high-level
chimerism (Figure 1.1).

Several human GF-producing mice have been found to enhance the levels of human
myeloid cells and platelets produced from transplanted human hematopoietic cells. These include
the so-called MISTRG, a BALB/c mouse in which the cDNAs for human M-CSF, IL-3, GM-
CSF and TPO together were knocked-in to their respective mouse loci, with the further addition
of a bacterial artificial chromosome transgene encoding human SIRPa (Rongvaux et al., 2014).
At 7-12 weeks post-transplant of human CD34" fetal liver cells the total human chimerism seen
in the BM (but not in the blood) of the recipients was moderately elevated with a skewing
towards human myeloid (CD33*) cells in the blood. However, measurements of human cell
outputs at earlier post-transplant time-points (i.e., week 3) or of cells of the megakaryocyte
lineage at any time point were not performed.

The same group also generated a BALB/c human-TPO knock-in mouse and assessed
human platelet levels in these mice 3-4 months after they were transplanted with human CD34*
cells CB or fetal liver cells (Rongvaux et al., 2011). The loss of mouse-TPO in these mice
resulted in a 2-fold reduction of mouse platelets pre-transplant which was further depressed 3-4
months post-transplant. While the percentage of human platelets was elevated compared to
control BALC/b mice, there was no difference in the absolute number of human platelets per pL.
of mouse blood.

To more closely replicate conventionally used hematopoietic transplants in patients, the

development of protocols allowing co-infusion of the CD34 negative fraction of cells will be



needed. However, when immunodeficient mice are injected with human CD3™ cells together with
human CD34" cells, the mice develop and generally quickly die of a GVHD-like wasting
disease. Thus it is not currently possible to investigate a potential role of T-cells on STRC
repopulating activity, although this may be addressable in the future with the development of
human HLA-engineered immunodeficient mice (Danner et al., 2011).

Experiments with both mouse (Busch et al., 2015; Sun et al., 2014; Wilson et al., 2008)
and human (Aiuti et al., 2013; Cheung et al., 2013; Notta et al., 2011) cells demonstrate that the
contribution of transplanted LTRCs to hematopoiesis in transplanted recipients can be delayed
for an extended period of time with the contribution from co-transplanted cells with transient
repopulating ability lasting several months. This underlines the clinical importance of STRCs

and highlights the need for assays specific for each class of repopulating cells.

1.2.1.4 Long-term in vivo repopulating cells (LTRCs)

The concept of what constitutes a HSC used to rely on the assumption that HSCs represent a
discrete and essentially homogeneous population. However, as investigations at the single HSC
level have become possible, their biological definition has become increasingly challenging.
Studies of some of the earliest transplant recipients of unseparated normal human BM
(Mathioudakis et al., 2000) or CB (Gluckman et al., 2011) cells have now clearly shown that
these sources contain cells that can restore blood cell production in people for decades. However,
the properties, phenotypes, and numbers of cells required to achieve this result remain poorly
defined. Recent advances in characterizing different phenotypes of human cells within the

CD34" fraction of adult BM or CB have now enabled time course studies of the spectrum and



duration of blood cells each subset produces in irradiated NSG mice (Figure 1.1). Among the
multiple distinct populations with increasing multi-lineage differentiation options and increasing
self-renewal capability (Cheung et al., 2012; Christ et al., 2007; Glimm et al., 2001; Majeti et al.,
2007), a method to obtain highly purified cells with long-term (20 weeks) repopulating activity
(10-20% pure) has been reported (Notta et al., 2011).

The pattern of continued mature multi-lineage cell output for an extended, but finite
period (4—6 months) mirrors findings in the mouse where hematopoietic cells with similar
capabilities can be prospectively separated from those with lifelong activity and serial
transplantability (Benveniste et al., 2010; Benz et al., 2012; Dykstra et al., 2007; Kent et al.,
2009; Morita et al., 2010). This is a key issue as properties of human HSCs are often inferred
from measurements of mature cells produced in NSG mice for less than 16 weeks post-
transplant. Choice of this 16-week time point is largely due to historical extrapolation from
protocols developed for NS mice. Most NS mice die between 6 and 12 months of age from a
fatal endogenous thymoma and hence cannot be followed for more than 4-6 months after a
transplant is performed (Shultz et al., 2007). Interestingly, data obtained 20 years ago from
preimmune fetal sheep transplanted in utero with human cells also suggested that a period of
more than 6 months is required before the mature human cells being produced reflect the
exclusive output of cells in the original transplant that have durable self-renewal potential (Civin
et al., 1996). This concept has been further extended by recent data derived from analysis of
NSG mice transplanted with the progeny of phenotypically more refined subsets of human CB
cells. The latter have shown that CB cells defined phenotypically as ‘MPPs’ (multi-potent
progenitors, i.e., CD34*CD38 CD45RA CD90 CD49f") are capable of initiating the production of

differentiating myeloid cells in NSG recipients for up to 20 weeks but poorly after that (Notta et
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al., 2011). In contrast, more sustained outputs are derived from CD34"CD38 CD45RA"
CD90*CD49f" cells.

Importantly, in the mouse, even cells that are capable of repopulating successive
generations of irradiated mice are now known to comprise cells with different, intrinsically
determined and serially preserved lineage outputs (Copley et al., 2012; Ema et al., 2014). All of
these long-term repopulating cells (LTRCs) have sustained myeloid differentiation potential, but
have different abilities to produce lymphoid precursors (Dykstra et al., 2007; Muller-Sieburg et
al., 2012). This heterogeneity in HSC output specificity is apparent as early as midgestation
(E14.5) and persists into old age, but the relative numbers of these biologically different HSCs
change over time (Benz et al., 2012). The creation of predominantly myeloid clones does not
appear to be explained by a mechanism that causes multipotent HSCs to favor commitment to a
myeloid vs a lymphoid fate, but rather an activated inability to support multiple stages of
lymphoid differentiation, including the production of common lymphoid progenitors as well as
their subsequent production of mature lymphoid cells.

Ontogeny and aging are also associated with a decline in HSC self-renewal and mature
cell output (Benz et al., 2012; Bowie et al., 2007; Dykstra et al., 2011; Muller-Sieburg et al.,
2012). These are important caveats to inferring changes in HSC numbers from total cell outputs
when manipulated or developmentally undefined bulk transplants are being investigated.

Evidence of parallel heterogeneity in very primitive human hematopoietic cells is still
preliminary. However, both an age-related shift towards lymphoid-deficient HSCs (Pang et al.,
2011) and the existence of occasional clones with marked and sustained lineage biases
regenerated and maintained for long periods of time in gene therapy patients has been reported

(Cavazzana-Calvo et al., 2011).
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1.3  Cell sources

The early reliance on BM for clinical transplants has more recently shifted to the widespread use
of G-CSF mPB. mPB collections now account for over 75% of hematological transplants
(Anasetti et al., 2012). The advantages of mPB include the fact that the cells can be collected by
leukapheresis, thus avoiding the risks of the general anesthesia required for collecting sufficient
BM from multiple marrow aspirations (Anasetti et al., 2012; Chao et al., 1993; Schmitz et al.,
1995; Sheridan et al., 1992). Later, when CB was discovered to contain similarly high
concentrations of CFCs interest arose in its potential use as an even readier alternative to mPB
collections (Broxmeyer et al., 1989; Nakahata and Ogawa, 1982; Rubinstein et al., 1998).
However, recipients of CB transplants were found to have a longer time to recover minimal
neutrophil and platelet levels than is typical of BM or mPB transplants (Rocha et al., 2004), with
mPB giving the most rapid mature cell recoveries (Anasetti et al., 2012; Couban et al., 2002;
Powles et al., 2000). These differences correlate with differences in the absolute numbers of
STRCs present in these differently sourced transplants as indicated by quantitative LDAs of
STRC activity in immune-deficient mice (Figure 1.2) (Cheung et al., 2012; Christ et al., 2007;
Glimm et al., 2001). Nevertheless, assessments of more primitive cells has indicated that CB
contains a higher frequency of LTRCs than BM or mPB (Cheung et al., 2012; Holyoake et al.,
1999; Wang et al., 1997). Such differences highlight the intrinsic heterogeneities in absolute as
well as relative numbers of transplantable cells present in different sources being considered for
clinical use, as well as the need to consider the effects of any culture protocol on perturbing these

cell types differentially.
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1.4 Mobilization of primitive human hematopoietic cells

Despite the extensive use of mPB as a source of cells for the treatment of patients to be given
intensive therapies requiring a transplant, or for gene therapy protocols, there remain subsets of
patients that fail to mobilize adequate cell numbers (Haas et al., 1994; To et al., 2011). For these
individuals, efforts to increase yields of STRCs and LTRCs continue to be of major interest.
Early discovery that some GFs induce mobilization of hematopoietic progenitors into the
peripheral circulation led to the adoption of G-CSF administration to donors prior to apheresis
(Lapidot and Petit, 2002; Sheridan et al., 1992). Although the mechanisms of mobilization are
still not fully understood, several adhesion and GF receptors including the VLA-1, CXCR4 and
G-CSF receptors have been shown to be involved (Lapidot and Petit, 2002; Morrison et al.,
1997; Papayannopoulou and Nakamoto, 1993).

An interesting feature of mobilization is the range of GFs and cytotoxic agents that can
elicit this response, albeit with marked differences in efficacy and timing (Lapidot and Petit,
2002). For at least some of these GFs, mobilization of primitive cells does not require that the
cognate receptor be expressed on them, as shown by Liu et al. in mice previously made chimeric
with transplants containing both G-CSF receptor-deficient and WT hematopoietic cells (Liu et
al., 2000). The indirect action of G-CSF was then shown to be due to an increased release of
proteolytic enzymes such as elastase and cathepsin G from mature myeloid cells resident in the
BM that cleave VCAM-1 on BM stromal cells, thereby inhibiting interactions with VLA-4

expressed on the surface of hematopoietic progenitors (Lévesque et al., 2001). Further
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highlighting the indirect activities of G-CSF is the wide range of cell types mobilized, which
include LTRCs, STRCs, CFCs and mature myeloid and lymphoid cells.

More recently, plerixafor (also known as AMD3100) has been adopted for the
mobilization of hematopoietic cells in certain clinical scenarios. After initially being investigated
for its ability to inhibit CXCR4-mediated HIV infection, plerixafor was found to inhibit the
interaction between CXCR4 and its ligand CXCL12 (Donzella et al., 1998), an intriguing finding
co-incident with the discovery that hematopoietic repopulation requires transplanted cells to
express CXCR4 (Aiuti et al., 1997; Kawabata et al., 1999; Peled et al., 1999). The observation
that plerixafor administration induces a mild leukocytosis in recipients led to it being
investigated as a mobilizing agent (Liles et al., 2003). Early studies revealed that plerixafor
mobilizes primitive hematopoietic cells into the PB within 2-8 hours. It was also shown to
synergize with prior G-CSF administration, although documentation of this latter effect on
mouse HSCs was initially restricted to CFCs in the case of treated humans (Broxmeyer et al.,
2005; Liles et al., 2005). Additional studies showed that in humans, the frequency of cells
capable of repopulating immunodeficient NOD/SCID mice for 8-10 weeks was greater following
plerixafor administration as compared to G-CSF (Hess et al., 2007). Clinical trials then showed
that patients given G-CSF plus plerixafor achieved CD34* harvest thresholds after fewer
leukapheresis cycles than patients given G-CSF alone (DiPersio et al., 2009a, 2009b; Nademanee
et al., 2012). However, whether plerixafor alone can mobilize numbers of repopulating cells

comparable to those mobilized by G-CSF with or without plerixafor is not known.
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1.5 HSC expansion

1.5.1 Growth factor (GF)-mediated cell expansion strategies

The aim of ex vivo stem cell expansion is to increase the number of repopulating cells available
for subsequent analysis and/or transplant purposes. Historically, the survival and proliferation of
primitive cells in vitro has relied upon the addition of growth factors (GF) to liquid suspension
cultures initiated with populations that have been pre-enriched in their content of hematopoietic
progenitors (e.g., CD34" cells), with the goal of expanding cells that retain LTRC activity after
they have divided. With the recognition that hematopoietic recovery early post-transplant is
usually dependent on the additional presence in the graft of more differentiated and biologically
distinct cells, the effects of expansion systems on STRCs has also attracted interest (Delaney et
al., 2010; Zhang et al., 20006).

Accruing evidence points to the survival and proliferation of primitive mouse
hematopoietic cells being separately regulated by external factors (Wohrer et al., 2014), with
examples also in the human system of synergistic or inhibitory effects on proliferation dependent
on the factor combinations and concentrations to which the target cells are exposed (McNiece et
al., 1988; Metcalf, 2008; Metcalf and Nicola, 1992; Muench et al., 1992; Okano et al., 1989).
Various GF combinations that include SF and those stimulating the gp130 receptor element
support optimal proliferation of primitive mouse cells, with some combinations shown to support
the maintenance of stem cell functions (Audet et al., 2001, 2002; Bodine et al., 1992; Kent et al.,
2008; Miller and Eaves, 1997). GF combinations that act on primitive human hematopoietic cells

have also been investigated. Analysis of the concentrations and combinations of SF, FLT3-
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Ligand (FLT3L), IL-3, IL-6 and G-CSF for supporting the in vitro production of cells detectable
as LTC-ICs and CFCs in 10-day serum-free liquid suspension cultures initiated with
CD34*CD38 BM cells showed that these endpoints were differentially affected, despite equal
numbers of initial CD34*CD38" cells proliferating at each GF concentration tested (Petzer et al.,
1996a; Zandstra et al., 1997). In addition, CB cells were found to have different GF requirements
than adult BM, with FLT3L and gp130 stimulation producing the highest output of LTC-ICs
from CB CD34*CD38 cells (Zandstra et al., 1998). Maximal expansion of CB CFC numbers
was dependent on the addition of SF, with optimal output of myeloid and erythroid CFC
numbers being generated in cultures containing FLT3L+SF and hIL-6+SF, respectively.

A complicating influence is the presence of multiple cytokines released by the maturing
progeny of the initial precursor cells that exert both positive and negative feedback effects
(Csaszar et al., 2012). Such complexities and differential requirements for cells of distinct
differentiation states, lineage capabilities, and ontogeny underline the necessity of determining
GF combinations that are specific for both the input and desired output cells, with significant
consideration required for the choice of endpoint assay. With the increasing clinical use of CB
cells and with the recent push for ex vivo manipulated cells, there is an urgent need to determine

optimal conditions for producing expanded numbers of both STRCs and LTRCs.

1.5.2 HSC expansion strategies using novel additives or manipulations

The historic failure to obtain an expansion of HSCs ex vivo in cultures supplemented with GFs
alone led to searches for transcription factors and small molecules that might achieve this

outcome. Screening assays based on increased numbers of CD34" or CD34"CD45RA" cells
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unveiled a potential role for small molecules in the regulation of primitive human cells, with SR1
and UM171 being found to expand the number of progenitor cells when used in GF-
supplemented cultures (Boitano et al., 2010; Fares et al., 2014). Twenty-one day cultures
containing SR1 showed a 17-fold increase in cells able to repopulate NSG mice for 16 weeks
post-transplant, with a >9,500-fold increase in CFC numbers after 5 weeks compared to control
cultures containing GFs only. In a later study, UM171 was found to have a similar effect, with a
13-fold increase in 20-week NSG repopulating cell activity. However, while the effects of SR1
and UM171 on CFC and LTRC production were systematically assessed, their effects on STRC
production has not been investigated. Interestingly, both SR1 and UM171 were also shown to
expand non-human primate, but not mouse, progenitor cell populations (Boitano et al., 2010;
Fares et al., 2014). This lack of cross-reactivity underlines the need for a species-specific model
to discover new molecules that control primitive human hematopoietic cell behaviour.
Mechanistically, SR1 antagonizes the aryl hydrocarbon receptor, a ubiquitous cytoplasm-located
ligand-induced transcription factors previously associated with the metabolism of toxic dioxins
(Casado et al., 2010). The molecular target of UM171 has not yet been determined.

The Hox family of transcription factors have also been investigated for their ability to
generate expanded populations of primitive cells based on observations of their effects on
hematopoietic  proliferation and differentiation. Retroviral-mediated transduction and
overexpression of HOXB4 or a NUP98-HOXA 10hd fusion protein into primitive mouse cells led
to an unprecedented production of LTRCs ex vivo without signs of leukemic transformation
(Antonchuk et al., 2002; Sekulovic et al., 2011). The 1,000-fold increases obtained with the
NUP98-HOXA10hd fusion protein suggest that very high rates of HSC self-renewal divisions

had been obtained (i.e., theoretically at least 10 “symmetrical” self-renewal divisions out of a
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possible 22 in 14 day cultures, assuming a 15-hour cell cycle time). However, analysis of single-
cell cultures suggested some recruitment of non-HSCs into the final output of HSCs. On the
other hand, LTC-IC and immunodeficient mouse transplant assays of similarly treated human
cells showed much more modest effects in terms of the LTRC expansion achieved with either of
these same constructs (Amsellem et al., 2003; Sloma et al., 2012). However, experiments in the
pig-tailed macaque model have suggested an ability of HOXB4 to expand STRCs (Watts et al.,
2011; Zhang et al., 2006).

Activation of Notch via stimulation with Deltal ligand has been reported to expand
human STRCs (Delaney et al., 2010). Here, immobilized ligand was used with a GF combination
consisting of SF, FLT3L, TPO, IL-6 and IL-3, and expansion of STRCs in 17- to 21-day cultures
was assessed by transplanting the recovered cells in NOD/SCID mice. NOD/SCID mice showed
a 6-fold higher level of chimerism and a 3-fold higher frequency of 3-week repopulating cells
when transplanted with cells from cultures that contained Deltal plus GFs versus GFs alone.
Furthermore, both of these conditions enabled higher levels of chimerism to be achieved at this
time point than non-cultured control cells, suggesting that GFs alone enhanced STRC
production. However, these results are difficult to interpret as STRCs are thought to engraft
NOD/SCID mice relatively poorly (Glimm et al., 2001).

CD34" cells from one CB unit cultured in Deltal plus the same GFs were also
transplanted into 10 patients with high-risk acute leukemia in morphologic remission, together
with a co-transplant of a second, unmanipulated CB unit. The median recovery of 500
neutrophils per uL. was achieved in 16 days in these recipients, compared to 26 days for similar
patients receiving two unmanipulated CB units. DNA polymorphism analysis of the PB

neutrophils revealed an almost exclusive contribution from the expanded unit for up to 7 days in
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all 8 patients, and up to 14 days in 3 of 8 patients, although only one patient had a >50%

contribution from the cultured unit at day 21 post-transplant.

1.5.3 Enhancement of cell homing

Rather than increasing the number of repopulating cells, attempts have also been made to
increase the efficiency with which such cells might enter the marrow immediately post-
transplant. After a 2-hour treatment with prostaglandin E» (PGE2) was found to increase
zebrafish hematopoiesis, experiments with mouse BM cells showed that their brief exposure to
PGE: could provide a 4-fold enhancement of 12-week repopulation, although this effect was
diminished to 2-fold by 24 weeks (North et al., 2007). Later studies suggested that this effect was
due to increased homing of treated cells, although increased cell survival and proliferation of
both human and mouse cells were subsequently reported also (Goessling et al., 2011; Hoggatt et
al., 2009). A 15-minute treatment with the tripeptide Diprotin-A (DPA) has been shown to
enhance the BM homing of primitive mouse cells and lead to increased engraftment of
immunodeficient mice transplanted with human CD34" cells (Campbell et al., 2007;
Christopherson et al., 2004). DPA acts by inhibiting dipeptidyl-peptidase IV (DPP-IV) activity
on CD34" cells that otherwise inactivates the chemotactic activity of CXCL12 (Christopherson et
al., 2002).

Single-cell transplants with mouse cells have indicated that LTRCs repopulate with near-
absolute efficiency (Benz et al., 2012; Kent et al., 2009). This implies that any reported

enhancement of LTRC activity is likely to be explained by recruitment of other cell types into
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this pool. Further studies are warranted to determine if these agents are active on freshly isolated

STRCs or STRCs that have been expanded in the presence of GFs (Wyss et al., 2009).

1.5.4 Ex vivo manipulated transplants

Despite over 3 decades of preclinical and clinical research, methods that significantly increase
the number of human STRCs or LTRCs are still lacking. Confidence in early culture methods
was based on the ability to robustly expand CFC- and LTC-IC-containing populations using
defined combinations of GFs. This then led to the initiation of several clinical trials, the results of
which were, however, disappointing, with delayed neutrophil and platelet reconstitution and, in
some cases, a required use of backup cells (Barnett et al., 1989, 1994; Chang et al., 1986;
Engelhardt, 2001, 2001; Holyoake et al., 1997; Shpall et al., 2002).

Syngeneic and congenic mouse transplant experiments using ex vivo cultured BM cells
later revealed similar decreases in early post-transplant reconstitution after as little as 48 hours of
culture (Kittler et al., 1997; Peters et al., 1995, 1996; Spooncer and Dexter, 1983; Vallera and
Blazar, 1988), although contradictory examples also exist (Holyoake et al., 1996; Muench et al.,
1993). Deleterious effects were also reported for transplants of cultured autologous cells from
non-human primates (Takatoku et al., 2001; Tisdale et al., 1998). The development of
immunodeficient NOD/SCID and NSG mice that can be engrafted with human cells revealed
that human CB or mPB cells cultured for 4-7 days in a variety of GF combinations provided
decreased levels of week 3 myeloid and platelet engraftment as compared to the freshly isolated
controls (Gan et al., 1997; Guenechea et al., 1999; Holmes et al., 2012; Mazurier et al., 2004;

Perez et al., 2001).
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A major lesson from these studies was that many in vitro assays lose their ability to
predict in vivo function for hematopoietic cells that have been cultured. What has remained
unresolved is the extent to which the in vitro assays detect distinct cell types that expand
differentially in culture and/or potential negative effects of the culture conditions on cell certain
characteristics specifically required for engraftment or survival and proliferation in vivo. Another
question is whether present culture systems are deficient for certain critical agents or whether the
problem is actively induced by the presence of particular factors.

The concept of a GF-induced loss of ability to home into the BM was first suggested by
the discovery that the 16-hour seeding of mouse BM CFCs is markedly decreased after their
incubation for 2-3 hours in IL-3 or IL-3 + [L-12 + SF (Loo and Ploemacher, 1995). This finding
contrasted with several earlier in vitro studies demonstrating an increased adhesiveness of GF-
exposed cells due to activation of VLA-4 and VLA-5 integrins (Kovach et al., 1995; Lévesque et
al., 1995). Later reports also found dramatically reduced mouse CFC homing efficiencies after 9
days of culture with IL-3 + IL-6 + G-CSF + SF (Szilvassy et al., 1999) and human CD34* mPB
cells cultured for 2 to 5 days in SF + FLT3L + IL-3 + L-6 displayed a similarly reduced homing
into the BM of transplanted NOD/SCID mice (Ahmed et al., 2004).

Subsequent reports of a human GF-induced homing defect encompassed a range of
different GF combinations, cell detection methods, and xenotransplant assay systems, suggesting
the potential induction of this response by a wide range of stimuli (Bonig et al., 2006; Kallinikou
et al., 2012; Larochelle et al., 2012; Wyss et al., 2009). Additionally, Yamamura et al. found that
while direct intra-femoral injection of cultured CB cells improved the week 6 engraftment of the
injected femur, post-transplant migration of repopulating cells to other marrow sites was greatly

diminished as compared to recipients of non-cultured cells (Yamamura et al., 2008).
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An important question is whether the homing defect is caused by a loss or a gain of
function. A hypothetical example of the latter could be sequestration of cultured cells in the lung,
leading to cell death prior to BM seeding. GF-induced lung sequestration of neutrophils is well-
documented, with IL-6 exposure leading to increased neutrophil rigidity and induced
sequestration in the narrow capillaries of the lung (Doerschuk et al., 1993; Suwa et al., 2001).
While transient accumulation of (non-cultured) transplanted cells has been shown in recipient
mouse lungs, whether this is exacerbated post-culture has not been directly examined (Ahmed et
al., 2004).

An obvious candidate mechanism for decreased cell homing is a change in cell adhesion
receptor activity. Several studies of murine and human cells have shown that the expression of
integrins associated with progenitor homing is dysregulated after the cells have been in culture
for 24 hours (Berrios et al., 2001; Bonig et al., 2006; Kallinikou et al., 2012; Larochelle et al.,
2012; Ramirez et al., 2001; Szilvassy et al., 2001). The demonstration of an ability of GFs to
modulate integrin function as well as CXCR4 receptor-activated signaling has added further
weight to this possibility (Ali, 1999; Hughes and Pfaff, 1998; Wang et al., 2001). However,
whether such modulation of such receptors and their downstream signaling is of functional

significance to the homing functions of repopulating cells had yet to be determined.

1.6 Thesis objectives

In summary, there exists a subset of repopulating cells that are responsible for a time-limited
wave of neutrophil and platelet production early after transplant. These STRCs have distinct

biological properties when compared to the cells capable of mature outputs of longer duration.
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They are also an important component of transplants in patients receiving myeloablative
preconditioning, although their numbers are reduced in CB and in some patient’s autologous
harvests. The lack of understanding of STRC biology has contributed to a deficit of quantitative
assays for their detection and methods to manipulate and or increase their numbers ex vivo. There
also exists a poor understanding of methods for mobilizing optimal numbers into the circulation
to enable their harvest, using GFs or small molecules.

While in vitro CFC and flow cytometric-based assays have been available for some time,
these are insufficiently predictive of early post-transplant engraftment, particularly when novel
mobilizations strategies or ex vivo manipulated cells are used. The need for more specific STRC
assays is gaining increasing importance with the parallel development of HSC expansion
protocols, which will require verification that the STRC content of such transplants remain
adequate to ensure rapid neutrophil and platelet recovery. The failure of increased CFC yields
with current ex vivo expansion strategies to translate into improved clinical practices is poorly
understood and justifies their detailed study. In addition, determining protocols for maximizing
yields of mobilized STRC:s is of great clinical importance.

The overall aims of this thesis were thus as follows:
1) To develop a precise and sensitive method to detect and quantify human STRCs in vivo.
2) To determine the optimal donor mobilization protocol for the maximal yield of human
STRCs.
3) To quantify and further the understanding of the inability to expand STRC numbers ex vivo.
(Sections of a review entitled “Heterogeneity in hematopoietic stem cell populations:
implications for transplantation” published in Current Opinion in Hematology were used to

contribute to Chapter 1.)
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Figure 1.1. Multiple human hematopoietic cell types contribute to the mature blood cells
produced at different times in heavily myelosuppressed recipients, as modeled in
transplanted sublethally irradiated immunodeficient mice.

Repopulation of highly immunodeficient mice by human cells represents the cumulative outputs
of biologically distinct types of repopulating cells with generally increasingly broad and more
durable lineage outputs. The first repopulating cells to produce detectable numbers of progeny in
this model include separate subsets that are granulocyte-monocyte (GM)- or platelet-restricted
and produce clones that disappear within 5 weeks. Subsequently, clones that contain both
lymphoid and myeloid cells are more common even though most of these are not sustained
beyond 20 weeks. Mature blood cells produced at much later time-points (dark green) are
derived from clones that are not apparent above the limit of detection (represented by the dashed

line) until more than 20 weeks after transplantation.
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Figure 1.2. The relative abundance of STRCs and LTRC:s in a typical transplant of normal
human CB, BM, and G-CSF mPB normalized for the same body weight of the recipient.
The circles illustrate the similar LTRC content but variable content of STRCs in these different

transplant sources as described (Cheung et al., 2012; Christ et al., 2007; Glimm et al., 2001).
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Chapter 2: Enhanced Normal Short-Term Human Myelopoiesis in Mice

Engineered to Express Human-Specific Myeloid Growth Factors

2.1 Introduction

Current evidence suggests that human hematopoiesis involves the production of sequential stages
of phenotypically separable populations of cells with increasingly restricted lineage options and
decreasing self-renewal abilities (Doulatov et al., 2012). These subsets are thus capable of
different durations and spectra of differentiated cell outputs upon transplantation into
myelosuppressed recipients. Interestingly, the most primitive of these cell types engraft T-cell
and B-cell-depleted mice at high efficiency; whereas those with short term repopulating activity
(STRCs, i.e., limited to a few weeks) do not unless the NK cells of the mice are also completely
eliminated (Eaves et al., 2001; Shultz et al., 2003). Efficient engraftment of STRCs with
myeloid-restricted activity (STRC-Ms) is currently most effectively achieved in NSG mice
(Shultz et al., 2005). This has heightened interest in the use of NSG mice to design specific and
sensitive functional assays for these cells. Characterization of human STRCs and their expansion
is of particular interest for clinical transplantation protocols that could benefit from improved
methods to predict and accelerate neutrophil (and platelet) recovery in patients (Cheung et al.,
2012). However, this has remained a challenge because of the poor output of human neutrophils
in NSG mice, which is insufficient for PB sampling to be used to assess transplanted STRC
activity. We now show that this difficulty can be overcome using NSG mice bred to previously
engineered transgenic mice (Nicolini et al., 2004) to enable their constitutive expression of

human IL-3, GM-CSF and SF to enhance stimulation of human hematopoiesis.
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2.2 Methods

2.2.1 Cells

CD34" cell-enriched (>80% pure) suspensions of low-density human CB cells were isolated
using the EasySep kit (STEMCELL Technologies, Vancouver, BC, Canada) from previously
pooled and anonymized samples (collected according to procedures approved by the University
of British Columbia Research Ethics Board). Lineage marker-negative (Lin") CD34" cells were

isolated as described (Cheung et al., 2012). All samples were cryopreserved until use.

2.2.2 Transplantation procedure

Cells were injected intravenously along with 10° irradiated (15 Gy) human BM cells into 8-10
week-old NSG or NSG-3GS mice (bred and maintained in the Animal Resource Centre of the
BC Cancer Research Centre) within 24 hours of their being irradiated (315 c¢Gy '*’Cs y-rays).
The frequency of human myeloid (CD457CD33/15%) cells present in BM aspirates and 50-100
uL of PB samples was determined by flow cytometry analysis of cells labeled with appropriate
antibodies as previously described (Cheung et al., 2012). Absolute values for circulating human
myeloid cells were derived using AccuCheck counting beads (Invitrogen, Burlington, ON,
Canada). To detect circulating human platelets in the PB, a 20 uL. sample of blood was collected
from each mouse. Total mouse platelet counts were recorded with an automated animal blood
cell counter (Scil Vet ABC). Blood samples were stained directly with human-specific anti-

CD41a (HIP8) and mouse-specific anti-CD41 (MWreg30; both from BD Pharmingen) for 30
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minutes at room temperature. Two hundred microliters of 0.8% NH4OH were then added to each
sample to lyse the RBCs present during a 5-minute period of incubation at room temperature.
Samples were then diluted with 200 uL of HEPES-Tyrode buffer (10 mM HEPES, 137 mM
NaCl, 268 mM KCl, 0.42 mM NaH;POs4, 1.7 mM MgClz, 11.9 mM NaHCOs3 and 5 mM glucose)
and analyzed by flow cytometry immediately. All animal studies were approved by the Animal

Care Committee of the University of British Columbia.

2.2.3 Lenti-viral transduction and bioluminescence imaging

CD34* CB cells were prestimulated for 16 hours in a serum-free medium containing BIT
(STEMCELL Technologies) and 100 ng/mL FLT3-L (Immunex, Seattle, WA, USA), 100 ng/mL
SF and 20 ng/mL G-CSF (STEMCELL Technologies), 20 ng/mL IL-3 (Novartis, Basel,
Switzerland) and 20 ng/mL IL-6 (Cangene, Winnipeg, MA, Canada), then incubated for 6 hours
in the same medium containing a MND-lentivirus encoding a firefly luciferase cDNA (MND-
LUC) and then immediately washed and transplanted. To collect bioluminescent images,
anaesthetized mice were injected intraperitoneally with 150 mg/kg D-luciferin (Caliper Life
Sciences, Hopkinton, MA, USA) and 10 minutes later placed in the supine position in a Xenogen
IVIS Lumina system (f stop 1, binning factor 4, and 60 seconds) with Living Image version 3.0

software (Caliper Life Sciences).
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2.3 Results

2.3.1 NSG-3GS mice support a 5-fold increase in myeloid cell outputs from transplanted

human STRCs but do not change the frequency of STRCs detected.

NSG-3GS mice were generated by crossing NSG mice with NS-3GS mice (Nicolini et al., 2004)
and selecting for F2 progeny homozygous for both the absence of the IL-2Ryc gene and the
presence of the human 3GS cDNA transgene insert as carried out independently by the Mulloy
lab (Wunderlich et al., 2010). We then transplanted both genotypes of recipients with 10* lin°
CD34* CB cells to first compare the levels of human chimerism achieved in their BM (Figure
2.1A & Figure 2.2A) and PB (Figure 2.1B & Figure 2.2B) from 3 to 20 weeks later. This period
was chosen because it has been previously shown to encompass the sequential outputs of mature
cells produced by different subsets of STRCs (Glimm et al., 2001; Hogan et al., 2002; Majeti et
al., 2007). The first of these are STRC-Ms which are predominantly CD34*CD38" (Glimm et al.,
2001) and correlate with cells detected in vitro as primitive CFCs (Cheung et al., 2012). STRC
numbers are inferred from their peak mature cell outputs seen at 3 weeks post-transplant. STRC-
M outputs are then followed by the progeny of CD34*CD38 CD90" cells that have lymphoid as
well as myeloid potential (STRC-MLs) but, because these have limited self-renewal ability, the
production of mature progeny is not sustained beyond 16-20 weeks post-transplant (Glimm et al.,
2001; Hogan et al., 2002; Majeti et al., 2007). The results of our time course comparison of cell
outputs revealed a markedly elevated output of myeloid cells in NSG-3GS BM and PB during

the first 12 weeks. Interestingly, this period also coincides with the time taken for the BM
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cellularity of non-transplanted but similarly irradiated NSG recipients to recover maximally
(Figure 2.1C).

These results suggest that the NSG-3GS host enhances mature myeloid cell outputs from
STRCs at the stage of terminal myelopoiesis. To address this question we focused on a more
detailed study of STRC-Ms. A cell dose-response analysis showed that GM outputs in both BM
(Figure 2.1D) and PB (Figure 2.1E) were linearly related to the number of CD34" cells injected
over a wide range in both host genotypes (up to at least 10* CD34* cells per NSG-3GS mouse
and >6x10* CD34" cells per NSG mouse). These results also confirm the ~5-fold higher output
of human GM cells in the NSG-3GS mice and show that it is transplant cell dose-independent.
As a result, human GM cells are readily detectable in the PB of NSG-3GS recipients even when
small numbers of human CD34" cells are transplanted in contrast to NSG mice where human
GM cells are close to the limit of detection for transplant doses of <10* CD34* CB cells.
Morphological analyses confirmed that the human GM cells in the PB were human neutrophils
(Figure 2.1F).

The established linearity of the cell dose-response experiments validated the use of LDA
to quantify the efficiency of STRC-M detection in the 2 host genotypes. The results showed that
the frequency of STRC-Ms detected in both types of recipient was the same (1/870 and 1/600
CD34" cells, p=0.35, see Table 2.1 for details). Thus the difference in 3-week human neutrophil
outputs measured in the 2 strains is entirely attributable to a difference in the clonal outputs from

similar numbers of STRCs.
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2.3.2 Increased support of mature human myeloid cell production results in increased

blood chimerism and improved monitoring of human chimerism by blood sampling.

These findings suggested that NSG-3GS mice enable PB data to be used for LDA measurements
of STRC-Ms and thereby circumvent some of the inter-mouse variability expected at early times
post-transplant when the host BM is still recovering (Figure 2.1C). To investigate this possibility,
we transplanted both genotypes of mice with 4-30x10° CD34* CB cells that had been exposed to
a lentivirus encoding the firefly luciferase cDNA. Assessment of their total body
bioluminescence 3 weeks later revealed a highly heterogeneous distribution of labeled human
cells (Figure 2.3A). A similar heterogeneity was mirrored in the level of human myeloid
chimerism measured in paired aspirates of the right and left femurs of individual recipients of
both strains (Figure 2.3B). Although a significant correlation between BM and PB values was
achieved when the results for both femurs were combined (Figure 2.3C), the correlation between
the bioluminescent endpoint and absolute PB counts of human cells was even stronger (Figure

2.3D).

2.4 Discussion

Together these findings demonstrate the ability of NSG-3GS mice to enable more precise and
efficient determination of intravenously injected human STRCs using simple PB sampling and
assessment methods. This assay will facilitate the characterization of factors that determine their
properties and generation in vivo and in vitro, and thereby lead to improved adult transplant

protocols where the STRC content of freshly isolated or cultured/genetically manipulated
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transplant harvests remains a serious limitation (Bensinger et al., 2009; Brunstein and Wagner,

2006; Haas et al., 1994; Kallinikou et al., 2012; Rocha and Gluckman, 2006).

(Chapter 2 has been published in the journal Blood as a manuscript entitled “Enhanced normal

short-term human myelopoiesis in mice engineered to express human-specific myeloid

growth factors™.)
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Figure 2.1. Increased short-term myeloid cell output in NSG-3GS mouse BM and PB.
Kinetics of myeloid cell (CD45*CD33/15%) reconstitution in the BM (A) and PB (B) of NSG
(open circles) and NSG-3GS (closed circles) mice after their transplantation with 10* lin"CD34*
CB cells. Data are the results of 12 mice per group pooled from 2 independent comparison

experiments. (C) Total mouse BM cells per 2 femurs plus 2 tibias at the times indicated after
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irradiation of mice with 315 cGy '*’Cs but no transplanted cells (3-10 mice per time point). (D)
Linear relationship between the number of CD34" CB cells transplanted and the extent of human
myeloid cell chimerism produced in the BM of NSG and NSG-3GS mice 3 weeks after
transplantation of 50 — 1.6x10* CD34* CB cells (3-33 mice per cell dose). (E) Linear relationship
between the number of CD34* CB cells transplanted and the absolute number of circulating
human myeloid cells in NSG and NSG-3GS mice 3 weeks later (3-33 mice per cell dose). (F)
Wright-Giemsa stained human CD457CD33/15* cells in the PB of NSG-3GS mice 3 weeks after
their transplantation with human CD34* CB cells, representing >90% of the sorted
CD45*CD33/15* cells analyzed. All values shown are the mean + SEM. The dotted lines in
panels D and E indicate the limit of detection of human CD45*CD33/15* cells in BM and PB
samples, respectively. Asterisks indicate statistically significant differences between results
obtained in NSG and NSG-3GS mice using the Student t-test (* = p < 0.05; ** =p <0.01; *** =

p<0.001).

34



>

% CD45*CD33/15*

CD45*CD33/15* / mL

-0~ NSG-3GS

© NSG
2 2 2
102 T 10 10
ok %k %k *k ok k%
+
Q .
10" s 10' ] 210"+
Q o
h <
3 3
10° - S 10° - = 10° -
NS
10-1 T T T 10'1 T T T 10'1 I T T
36 12 20 36 12 20 36 12 20

Weeks post-transplant

Weeks post-transplant

Weeks post-transplant

107 10’ 107
108- 10°- 10°-
-
E * % _EI
5_| + 5_ y 5_
10 ex g 10 o 10
k% ‘d_ﬁ a
*k % ) 9
104 @ 107 g 10%]
& 3)
(&)
10%- 10%- 10%-
102 I I I 102 T T T 102 T T T

3 6

12

|
20

36

12

T
20

36

12

I
20

Weeks post-transplant Weeks post-transplant Weeks post-transplant

Figure 2.2. Increased short-term mature cell output in NSG-3GS mouse BM and PB.

Kinetics of human GM, B-lineage and T-cell reconstitution in the BM (A) and PB (B) of NSG
(open circles) and NSG-3GS (closed circles) mice after their transplantation with 10* lin"CD34*
CB cells. Data are from the same experiments shown in Figure 2.1 (12 mice/group pooled from 2

35



independent experiments). Asterisks indicate statistically significant differences between the
results obtained in NSG and NSG-3GS mice using the Student t-test (* = p < 0.05; ** =p <0.01;

% = p < 0,001),
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Table 2.1. Frequency of human STRC-Ms detected in NSG and NSG-3GS mice based on

achievement of detectable BM chimerism 3 weeks post-transplant.

No. of positive/Total mice
CD34" cell dose NSG NSG-3GS
50 0/3
100 2/6
500 9/18 10/15
800 0/3
2000 3/4 717
8000 4/4 4/4
Overall frequency 1 in 870 1 in 600
95% CI 1in470-1in 1600 | 1in350-1 in 1000
Chi-square P-value 0.35

Mice were injected IV with a range of CD34* CB cell numbers and 3 weeks later the mice were
sacrificed and analyzed individually for the presence of viable human CD45*CD33/15* cells in
the cells harvested from both femurs. Mice were classified as positive if 5 or more human
CD45*CD33/15* events were detected per 20,000 PI" cells analyzed (i.e., >0.025% of total viable
mouse BM cells). Data from 4 independent experiments have been pooled. Limiting dilution
analysis for the calculation STRC-M frequencies was performed using bioinformatics software
(http://bioinf.wehi.edu.au/software/elda/) from the Walter and Eliza Hall Institute of Medical
Research (Hu and Smyth, 2009).

37



=y
o
~

=y

o
[,
|

104

CD45* / 2 femurs O
e,
|

o

Pearsonr =0.64

103
102

| |
103 104
CD45" / mL

10°

CD45*/ femur

Photons /second ©O

105_ EX X 3 *
o———o
104_
103_
102 T T T T
L R L R
NSG-3GS NSG
108
°®
7
10 Do
(o]
O.
i oe
10° o
Pearsonr=0.91
10° T T
102 103 104
CD45*/ mL

10°

-0~ NSG-3GS
-© NSG

Figure 2.3. Circulating human cell and in vivo bioluminescence counts enable accurate

assessment of total human cell engraftment.

NSG-3GS (closed circles) and NSG (open circles) mice were transplanted with 0.4-3x10*

luciferase-transduced CD34" CB cells and 3 weeks later were assessed by bioluminescent

imaging. (A) Representative image of transplanted mice (examples shown are NSG-3GS mice).

(B) Total human cell counts in the left (L) and right (R) femurs in individually assessed NSG-

3GS and NSG mice. Lines connect paired cell counts from individual mice which were

significantly different (P <0.05) for both strains. (C) Association between the absolute number of

circulating human cells with the total number of human cells in both femurs (Pearson r = 0.64, P

= 0.02). (D) Association between the absolute number of circulating human cells with photons
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emitted per second per mouse (Pearson r = 0.91, P <0.001). Asterisks indicate statistically
significant differences between left and right femurs determined using the Student t-test (* = p <

0.05; ** = p < 0.01; *** = p < 0.001).

39



Chapter 3: Plerixafor Plus G-CSF is a Superior Mobilizing Regimen for Cells

that Produce Neutrophils and Platelets Rapidly In Vivo

3.1 Introduction

PB collected by leukapheresis from normal donors given G-CSF is now the most common type
of allogeneic transplant used to regenerate hematopoiesis in patients given intensive therapy.
Recipients of such G-CSF mobilized PB (G-PB) allografts typically recover protective levels of
circulating neutrophils and platelets faster than recipients of bone marrow (BM) cells from
unmanipulated donors, with an associated reduction in infectious complications, supportive care
requirements, and healthcare costs (Anasetti et al., 2012; Couban et al., 2002; Powles et al.,
2000; Smith et al., 1997; To et al., 1992). Nevertheless, to obtain an optimal G-PB collection
requires several days of prior G-CSF administration, with occasional associated side effects to
the donor and a higher incidence of graft-versus-host disease (GVHD) in the recipients (Cutler et
al., 2001; Haas et al., 1994). Additional studies have now suggested that the increased GVHD
obtained with G-PB transplants can be abrogated using BM cells from G-CSF-treated donors,
but with the accompanying disadvantages associated with harvesting BM (Couban et al., 2000;
Morton et al., 2001; Shier et al., 2004).

More recently, plerixafor (also known as AMD3100), a small molecule antagonist of
CXCR4 (Donzella et al., 1998), was found to enhance the mobilizing activity of G-CSF. This
made it possible to collect the desired yields of CD34" cells in fewer leukapheresis cycles, with
similar speeds of neutrophil recovery in the recipients post-transplant (DiPersio et al., 2009a,

2009b; Flomenberg et al., 2005; Nademanee et al., 2012). Indeed, a single plerixafor injection
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was found to mobilize sufficient progenitors into the PB within a few hours (Devine et al., 2004;
Liles et al., 2003) to produce neutrophil and platelet counts in subsequently transplanted
recipients as quickly as is achieved with G-PB (Devine et al., 2008; Flomenberg et al., 2010).
Interestingly, despite reports of suboptimal harvests of CD34* cells in plerixafor-PB harvests, the
concentration of cells able to repopulate NOD/SCID mice for 7-8 weeks was higher than that
measured in G-PB harvests. This suggested that NOD/SCID mouse repopulating activity may be
a more relevant and predictive parameter than CD34* cell measurements (Hess et al., 2007).
These latter results are perhaps not surprising given the known heterogeneity of the CD34*
compartment. They also highlight the need for more predictive assays to anticipate the utility of
donor harvests for clinical allografting applications and the potential of functional rather than
phenotypic endpoints to serve this purpose. This issue is becoming increasingly important with
growing interest and possibilities to use novel sources or manipulated hematopoietic cells for
specific transplantation applications.

To address these issues, we designed a study to compare the results of multiple in vitro
and in vivo assays for cells with platelet and neutrophil output potential when these were applied
to PB and BM samples obtained from normal adult human donors before and after their
treatment either with plerixafor alone, or before and after a course of G-CSF+plerixafor. The
results indicate a high concordance in the cells detected by in vitro and in vivo assays of the same
duration and lineage output. They also indicate G-CSF+plerixafor to be superior to plerixafor
alone and PB to be superior to BM with an optimal PB collection time 4 hours after plerixafor

administration.
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3.2 Methods

3.2.1 Human cell samples

Approval was obtained from the Research Ethics Review Boards of Dalhousie University
(Halifax, NS, Canada), Memorial University (St Johns, NF, Canada), and the British Columbia
Cancer Agency (Vancouver, BC, Canada) to enroll 10 healthy, consenting adult volunteers (18-
30 years old) into the study. Five were given a subcutaneous injection of 240 ug/kg plerixafor
(supplied by Genzyme) 24 hours after a 4 day course of 5 pg/kg/day G-CSF (from Amgen). The
other 5 received no G-CSF prior to the injection of plerixafor. PB and BM samples were
obtained pre- (baseline) and post-treatment as shown in Figure 3.1A. Exclusion criteria were any
of the following: medical comorbidities (specifically, cardiopulmonary disease, autoimmune
disease, chronic skin conditions, sickle cell disease, or obesity), pregnancy or lactation,
splenomegaly, known allergy to lidocaine, known hypersensitivity to Escherichia coli—derived
products, or abnormalities on screening complete blood count or liver enzymes. All volunteers
were followed for 30 days post-treatment, and no adverse reactions were noted.

All samples were collected in Halifax, NS and then sent by overnight courier on wet
icepacks to Vancouver, BC where low-density cells isolated by centrifugation on Lymphoprep
(STEMCELL Technologies) and aliquots assessed directly for their content of total nucleated
cells (TNC), CD34* cells, and colony-forming cells (CFCs), either per mL of PB, or per 10°
viable BM cells. The remaining cells were cryopreserved in 10% DMSO and >50% fetal calf
serum (STEMCELL Technologies) and then stored in a vapour phase liquid N2 freezer. After all

samples were accrued, cells were thawed, depleted of viable T-cells by in vitro incubation with
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diphtheria-toxin conjugated anti-CD3 antibody (kindly provided by Dr. David Neville,
Angimmune LLC, Bethesda, MD), and then assessed for different progenitor types. Calculated
equivalent pre-freeze aliquots of like samples were then either combined into a series of pools or,
in some cases, also assessed individually, as indicated (Figures 3.1B and 3.3A). Expected cell
recoveries after thawing were obtained from a comparison of the values for total starting CD34*
cells and CFCs, respectively (obtained by averaging those measured individually on like pre-
freeze samples), with the corresponding values for post-thaw cells (obtained on the pooled like

post-thaw samples, Figure 3.1C).

3.2.2 Flow cytometry

CD34" cell analyses were performed prior to cryopreservation of the samples according to the
ISHAGE protocol (Keeney et al., 1998). Absolute numbers of human neutrophils and monocytes
(CD45*CD33/15* cells), lymphocytes (CD45*CD19* cells), and platelets
(FSC°"CD41*CD61"cells) in PB samples obtained from transplanted mice were determined
using AccuCheck counting beads (Life Technologies) as previously described (Cheung et al.,

2012; Miller et al., 2013a).

3.2.3 Invitro assays

CFC assays were performed by plating an equivalent of 20 uL of whole PB or 5x10* BM cells
into growth factor-supplemented methylcellulose culture medium (H4435, STEMCELL

Technologies) and all colonies present counted 14-16 days later as described (Hogge et al.,

43



1996). Assays of long term culture-initiating cell (LTC-IC) activity were initiated by plating a T-
depleted starting cell equivalent of 80 uL of whole PB or 2x10° low-density BM cells into
replicate 2.5 mL cultures containing pre-established irradiated feeder layers of murine fibroblasts
secreting human G-CSF, IL-3, SF, and FLT3-L (Beer et al., 2014; Hogge et al., 1996). These
cultures were maintained in Myelocult (STEMCELL Technologies) supplemented with
hydrocortisone as previously described for 3 or 6 weeks prior to harvesting each entire culture
and assessing its CFC content which was then used as a retrospective measure of the

corresponding input LTC-IC activity.

3.2.4 Xenotransplant assays

8-12 week-old NOD-RagI™!-112ryc™" mice engineered transgenically to express human IL-3,
human GM-CSF, and human SF (NRG-3GS mice) were given a sublethal dose of 900 cGy '*’Cs
y-rays delivered over 3 hours. This protocol was found in preliminary experiments to give full
long term survival of NRG mice and a pace and level of reconstitution with human cord blood
cells equivalent to that obtained in NSG mice given 315 ¢Gy !*’Cs y-rays (unpublished data).
Mice were then injected intravenously with test cells the same day. All mice were bred,
maintained and used for experiments under SPF conditions in the Animal Resource Centre of the
British Columbia Cancer Research Centre according to protocols approved by the Animal Care

Committee of the University of British Columbia.
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3.2.5 Statistical analysis

Data shown are geometric means + SEM. Differences between groups were examined using the
Student t-test and significance was associated with a p value <0.05. Dimensionality reduction
analysis was performed with Isomap (Tenenbaum et al., 2000) using the R package

RDRToolbox (Bartenhagen, 2014).

3.3 Results

3.3.1 Higher numbers of hematopoietic progenitors are present in the PB 4 hours after a

single injection of plerixafor with or without prior G-CSF

For initial experiments like samples were pooled to reduce the number of assays required.
Comparison of the CD34" cell and CFC content of post-thaw pooled donor PB samples (one
pool for each treatment time point, see Figure 3.1) with matching pre-treatment (baseline) values
for the same samples showed both cell types to be present in increased numbers in all post-
treatment samples. Peak increases of 13- and 7-fold, respectively, were seen 4 hours after
administration of plerixafor alone, and these were even higher (22- and 19-fold over baseline,
respectively), 4 hours after plerixafor when this was preceded by a course of G-CSF
administration (Figure 3.2A & 3.2B). To evaluate cells with prolonged mature cell output
potential, the same pooled samples were assessed for LTC-IC activity using both 3-week and 6-

week CFC output endpoints. The results indicate parallel increases in these activities in the PB of
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both plerixafor- and G-CSF+plerixafor-treated donors compared to baseline levels, again with
peak increases 4 hours after the administration of plerixafor (2,500- and 2,000-fold increases,
respectively after plerixafor alone, and 2,500- and 2,100-fold increases after G-CSF+plerixafor,
respectively, Figure 3.2C & 3.2D). Interestingly, there was also an absolute decrease in all cell
types 24 hours post-plerixafor that was not seen in donors given prior G-CSF. Similar assays
performed on pooled BM cells from the same 10 donors indicated that the frequencies of CD34*
cells and CFCs in the BM remained unchanged by both prior plerixafor and G-CSF+plerixafor
treatments, and the relative numbers of 3- and 6-week LTC-IC activities were actually decreased
several-fold in the post-plerixafor BM samples (Figures 3.2E - 3.2H).

An ability of plerixafor alone or G-CSF+plerixafor to mobilize primitive cells into the PB
by several orders of magnitude and the lack of a positive effect on their frequency in BM
aspirates suggests that BM would not prove to be as advantageous a source of primitive
hematopoietic cells for clinical use. Accordingly, we focussed further analyses on assessments of
the activities in the PB samples collected 4 hours after plerixafor or plerixafor preceded by G-

CSF.

3.3.2 Individual donor assessment reveals superiority of the G-CSF+plerixafor

mobilization regimen

To confirm the effect of plerixafor alone versus G-CSF+plerixafor and also obtain an estimate of
the variability between the responses of individual donors, we then assessed each baseline and
plerixafor+4 hour sample individually and performed pairwise comparisons between these values

(Figure 3.3A). CFC numbers in the PB were increased 10- and 40-fold above baseline levels for
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plerixafor- and G-CSF+plerixafor-treated donors, respectively (Figure 3.3B). This result is
similar to that obtained for the pooled samples and revealed a high degree of replicability
between donors. Assessment of mobilized 3- and 6-week LTC-IC activity also indicated
substantial increases in both plerixafor and G-CSF+plerixafor donors, for multiple measures of
LTC output at both LTC time-points (Figure 3.3C & 3.3D). Overall, the results showed the G-
CSF+plerixafor combination gave a consistently, albeit not always significantly, greater increase

in all cell types measured.

3.3.3 G-CSF+plerixafor mobilizes more short term repopulating cell activity than

plerixafor alone

To assess the STRC activity of these samples, we transplanted cells from the same PB samples
individually into NRG-3GS mice. Each mouse received the processed equivalent of 1.2 mL of
the initial PB sample, and the level of human cells present in the blood of the mice was then
assessed in samples obtained 3, 6, and 12 weeks later (Figure 3.4). We used NRG-3GS mice for
this purpose as experiments in Chapter 2 showed that the early production of circulating mature
myeloid cells in NSG-3GS mice (NSG mice carrying the same human transgenes as NRG-3GS
mice) given a radiobiologically equivalent sublethal dose of irradiation is significantly enhanced
by comparison to NSG mice. Here, the overall level of human CD45* cell chimerism and the
numbers of circulating human neutrophils and monocytes were consistently higher from 3 up to
12 weeks post-transplant in the mice transplanted with donor PB samples mobilized by either
plerixafor or G-CSF+plerixafor by comparison to the corresponding levels obtained in mice

transplanted with the same donors’ baseline PB samples. An enhanced early output of human
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platelets was also seen in the mice at 3 weeks post-transplant, but this effect then rapidly and
continuously decreased. An opposite effect of mobilization was seen on the kinetics of human B-
lineage cell production. In this case, there was little enhancement at 3 weeks post-transplant, but
an increasing effect at 6 and 12 weeks post-transplant.

We then compared the repopulating activity in the two sets of mobilized PB samples
(plerixafor+4 hours and G-CSF+plerixafor+4 hours) as reflected in the levels of different
lineages of human cells present in the PB of the mice at the 3 post-transplant time points
assessed. These comparisons again showed superior results for cells obtained from donors given
G-CSF+plerixafor compared to donors given plerixafor alone. At 3 and 12 weeks post-transplant,
the difference for mature human myeloid cell outputs (both 3-fold) achieved statistical

significance (p<0.05).

3.3.4 Isomap reveals high overlap between in vitro and in vivo myeloid assays

Assays able to predict the rapidity of neutrophil and platelet repopulating activity of a transplant
are of great interest for many stem cell transplant applications. Here we used the in vivo
repopulation data in mice as a surrogate for what might be expected in transplanted patients and
then compared the relatedness of all in vitro and in vivo assays employed to identify those that
appeared to give the most similar results. For this purpose, we performed a dimensionality
reduction using Isomap (Tenenbaum et al., 2000) to analyze ranked measures of activity from the
results of 23 assays applied to a total of 20 individual plerixafor+4 hours PB samples. [somap is
a nonlinear dimensionality reduction method based on the relatedness of data points in multi-

dimensional space, as defined by the distance between each data point along the shortest path of
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a network made up of 5 nearest neighbour connections. Reduction to 2 dimensions already
captured >80% of the variance (and reduction to 4 dimensions captured >90% of the variance).
The 2-dimension analysis revealed distinct groups that distinguished assays for precursors with
similar durations of mature cell output or lineage capabilities, regardless of whether these
parameters were measured in vitro or in vivo (Figure 3.5). These consisted of clusters of short-
term granulopoietic precursors, long-term granulopoietic precursors, in vivo lymphoid
precursors, and in vivo platelet precursors. Assays with relatively low specificity (TNC, CD34
and CFC) also clustered together and were centrally placed. The particularly close proximity of
the week 3 in vitro and in vivo myeloid output assays suggests a high degree of overlap and in

vivo predictive capability of the in vitro assay as a surrogate.

3.4 Discussion

Allografting adult patients with leukapheresis products obtained from normal donors is a widely
utilized therapeutic modality, but optimizing mobilization of the cells needed is still an ongoing
concern (Gratwohl et al., 2015; To et al., 2011). Collections from G-CSF-stimulated donors are
now the most commonly used protocol, with plerixafor being more recently investigated as a
generally effective agent, particularly when used together with G-CSF. However, more specific
and quantitative comparisons of the multiple functionally defined cell types present in harvests
obtained from donors treated with plerixafor alone or plerixafor after a course of G-CSF
administration have not been performed. Multiple studies of immunodeficient mice transplanted
with phenotypically distinct subsets of human cells, or genetically marked human CD34* cells

have all indicated that cells able to regenerate different lineages for different periods of time
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comprise biologically distinct subpopulations, but with considerable breadth and overlap in their
developmental properties (Aiuti et al., 2013; Glimm et al., 2001, 2005; Guenechea et al., 2001;
Majeti et al., 2007). Defined subsets able to produce mature neutrophils or platelets within the
first 3 weeks post-transplant, but only transiently, have also been identified. These cells are
concentrated in the CD38* fraction of CD34" cells, some of which also do not display detectable
aldehyde dehydrogenase activity (are ALDH") and are thus generally more prevalent than their
much rarer CD34*CD38 ALDH* counterparts (Cheung et al., 2012; Glimm et al., 2001). It may
thus be anticipated that the numbers of these short term repopulating cells are critical elements in
determining the speed of neutrophil and platelet recovery in myelo-suppressed recipients of
normal allografts.

Here we examined this issue by evaluating the ability of plerixafor alone and plerixafor in
combination with G-CSF to mobilize cells with different speeds and durabilities of neutrophil
and platelet outputs in a highly sensitive in vivo xenograft model. We also investigated the
question of whether these treatments had similar or different effects on donor cells that remain in
the BM and the optimal time for harvesting cells post-plerixafor administration. Using a 3-week
in vivo output endpoint, we found that greater progenitor cell increases were evident in the PB as
compared to the BM of the donors, that larger increases were elicited by the G-CSF+plerixafor
compared to the plerixafor alone mobilizing regimen, and that for both, the optimal collection
time-point was 4 hours post-plerixafor.

The range of in vitro and in vivo assay endpoints used here to investigate the potency of
the various test samples included 2-week CFC assays, as well as 3- and 6-week bulk LTC-IC
assays. CFC assays detect cells that produce large numbers of mature granulocytes, monocytes

and erythrocytes after 2-3 weeks in vitro (10-15 amplifying divisions) and the 3- and 6-week
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LTC-IC assays detect cells able to extend this ability for another 3-6 weeks (potentially another
20-40 divisions). The in vivo assay endpoints included total human, myeloid, B-cell, and platelet
outputs at multiple time-points in the myeloid-enhancing immune-deficient NRG-3GS mouse
(Miller et al., 2013a). Employment of this diversity of assays allowed a comparison to be made
of those most closely correlated with rapid neutrophil or platelet production in vivo. A simple
comparison of the kinetics of their initial outputs, as well as the results of a dimensionality
reduction analysis, confirmed previous evidence that the production of these two lineages in the
first 3 weeks likely derive primarily from distinct subsets (Cheung et al., 2012). In addition, the
latter analysis indicated a very close relationship between the results of in vivo and in vitro
assays for cells that produce myeloid cells for similar periods of time suggesting that these
assays might effectively substitute for one another. In mobilized harvests from normal adults,
these associations are less likely to be critical, as an overall correlation in the effect of the
mobilizing protocol on all primitive cell types has generally been seen. However, with the
growing use of genetically modified and/or other ex vivo manipulations of transplants,
knowledge of the simplest predictive assays of short-term neutrophil and platelet output potential
is assuming greater importance.

In summary, we have shown that human short term in vivo repopulating cells are
optimally collected from the blood of donors 4 hours after plerixafor administration and after a
preceding course of G-CSF, and that these repopulating cells can be predicted using a 3 week in

vitro LTC-IC assay.
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Figure 3.1. Plerixafor + G-CSF experimental design
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(A) Donor treatment and sample acquisition schedule. Five healthy adult donors received a

single subcutaneous injection of plerixafor (P). Another 5 received plerixafor 24 hours after the

last of 4 daily doses of G-CSF (G+P). Baseline (BL) PB samples were collected as shown. (B)

Preliminary assessments of CD34* cells, CFCs, and LTC-IC activity were performed on separate

PB and BM pools prepared for each time point for both protocols. For each pool, equal aliquots

by volume or cell number were combined from the 5 PB or 5 BM samples, respectively. (C)

Recoveries of CD34* cell and CFC numbers post-thaw were determined by comparing the

average of individually measured pre-freeze data and corresponding post-thaw values for pooled

cells collected at times shown in (A). *- indicates time-point with only G-CSF+plerixafor donor

PB collections.
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Figure 3.2. Hematopoietic progenitors are optimally harvested from the blood 4 hours after
plerixafor.

Kinetics of changes in progenitor levels in matched PB (Figure 3.2A - D) and BM (Figure 3.2E -
H) donor samples before treatment (baseline, BL) and after treatment with plerixafor (orange) or
G-CSF+plerixafor (blue). Pools were assessed for CD34+ cells (Figure 3.2A & E), CFCs (Figure
3.2B & F), 3-week LTC-ICs (Figure 3.2C & G), and 6-week LTC-ICs (Figure 3.2D & H).
Peripheral blood and bone marrow sample analyses were based on initial blood volume and

initial TNC counts, respectively.
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Figure 3.3. Analysis of individual samples shows higher post-plerixafor progenitor
increases in donors pre-treated with G-CSF

(A) Pairwise comparisons of the results of multiple measures of hematopoietic activity between
the BL and plerixafor (P)+4 hour PB samples from individual donors. (B) CFC assays showed
significantly (p<0.01) greater increases in G-CSF (G) +plerixafor (blue) versus BP as compared
to donors treated with plerixafor only (orange) (9- and 40-fold increases, respectively, compared
to BL). 3- (C) and 6- (D) week LTCs duration showed consistently higher plerixafor+4 hour
increases in both mature (TNC, CD33/15%) and precursor (CD34*, CFC) outputs in LTCs

initiated with volume matched aliquots of PB cells from donors given G-CSF+plerixafor as
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compared to donors given plerixafor only. Asterisks indicate statistical significance between
plerixafor and G-CSF+plerixafor samples determined using the Student t-test (* = p < 0.05; ** =

p <0.01).
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Figure 3.4. In vivo assays of individual donor PB samples show higher activity in donors
pre-treated with G-CSF.

Individual BL and plerixafor+4 hour PB samples were transplanted into irradiated NRG-3GS
mice and 3, 6, and 12 weeks later human (A) total CD45*, (B) CD45*CD33/15" myeloid, (C)
CD45*CD19* B cell, and (D) CD41*CD61" platelets were assessed in mouse blood. Increases in
myeloid cell outputs were greater at week 3 and 12 from G-CSF+plerixafor versus plerixafor-
only donor samples (p<0.05). Orange and blue bars indicate results for plerixafor only and G-
CSF+plerixafor, respectively. Asterisks indicate statistical significance between plerixafor and

plerixafor+G-CSF samples determined using the Student t-test (* = p < 0.05).
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Figure 3.5. Isomap analysis reveals a high degree of concordance between in vitro and in

vivo assays of myeloid cell output activity for similar periods of time.

Isomap dimensionality reduction was performed to characterize the relatedness of 23 in vitro and

in vivo assays, based on rank-ordered measures of the activities measured in 20 paired BL and

plerixafor+4/G-CSF+plerixafor+4 samples. Reduction to 2 dimensions of a multidimensional

network made of5 nearest neighbour connections accounted for >80% of the variance. Groups

formed among precursor assays with similar durations of mature cell output durations or lineage

capabilities, regardless of whether these parameters were measured in vitro or in vivo. Blue and

red letters represent in vitro and in vivo assays, respectively. The green ellipse encompasses the

concordant in vitro and in vivo myeloid assays.
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Chapter 4: Early Production of Human Neutrophil and Platelets Post-

Transplant is Selectively Compromised by Prior Growth Factor Exposure

4.1 Introduction

Transplantation of hematopoietic cells is a critical component of treatments that cure many life-
threatening hematological disorders. LTRCs are essential for durable recovery, but are unlikely
to be the main source of early appearing neutrophils and platelets with conventional transplants.
More prevalent STRCs (Cheung et al., 2012; Glimm et al., 2001; Miller et al., 2013b) are less
abundant in human CB than in G-CSF-mPB or adult BM which likely contributes to the clinical
inadequacy of CB units as transplants for adults (Brunstein and Wagner, 2006; Rocha et al.,
2004).

GFs regulate primitive hematopoietic cell survival, proliferation and differentiation
(Metcalf, 2008) and can also influence their adherence to BM microenvironment elements
(Becker et al., 1999). Initially, GFs anticipated to be useful for the ex vivo generation of cells for
clinical transplants were identified by their ability to stimulate the production of progenitors
identified in vitro as colony-forming cells (CFCs) and/or as their precursors (Petzer et al., 1996a;
Zandstra et al., 1997). More recent studies have examined the GFs required to produce human
cells with intermediate to long-term repopulating activity in immunodeficient mice (Boitano et
al., 2010; Fares et al., 2014). However, a corresponding in vivo analysis of human STRC outputs
has been lacking. This situation is notable as significant improvements in clinical outcomes using

transplants of culture-expanded cells have yet to be achieved.
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4.2 Methods

4.2.1 Human cells

CD34" enriched (>80%) suspensions of pooled human CB cells were isolated using an EasySep
kit (STEMCELL Technologies, Vancouver, Canada) from cryopreserved collections according

to procedures approved by the University of British Columbia Research Ethics Board.

4.2.2 Cell cultures

CD34" cells were cultured at 103 cells/mL in serum-free medium containing BIT (STEMCELL
Technologies) plus 40 mg/mL low-density lipoproteins and 10* M B-mercaptoethanol (Sigma-
Aldrich, Oakville, Canada) (SFM). GFs added were 100 ng/mL FL (Amgen, Thousand Oaks,
CA), 100 ng/mL SF and 20 ng/mL G-CSF (STEMCELL Technologies), 20 ng/mL IL-3
(Novartis, Basel, Switzerland), and 20 ng/mL IL-6 (Cangene, Winnipeg, Canada) (5 GFs), or
100 ng/mL FL, 100 ng/mL SF and 50 ng/mL thrombopoietin (STEMCELL Technologies) (3
GFs). Human AMLS5, HL60 and KG1 cells were cultured in IMDM plus 10% FBS (STEMCELL

Technologies) with 5 GFs. CFC assays were performed as described (Hogge et al., 1996).
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4.2.3 Transplantation procedures

Cells were injected intravenously into 8-12 week-old NSG mice or NSG-3GS mice irradiated
with 315 ¢Gy '*’Cs y-rays. STRC activity was determined on antibody-stained blood samples
obtained 3 weeks later. BM homing was assessed by injecting 5x10* CD34* CB cells or their
cultured derivatives into mice and comparing the proportion of CFCs recovered from 2 femurs
16 hours post-transplant. Mice were maintained under SPF conditions using protocols approved

by the Animal Care Committee of the University of British Columbia.

4.2.4 Flow cytometry

Absolute numbers of human CD34* cells, human CD45*CD33/15* myeloid cells and
FSC°"CD41*CD61" platelets were determined using appropriate antibodies and AccuCheck
counting beads (Life Technologies) (Cheung et al., 2012; Miller et al., 2013a). For assessment of
cell line homing, recipient BM cells were stained with anti-human CD45 and also analyzed for
fluorescent dyes used to label the cells pre-injection (CFSE, Life Technologies, Burlington,

Canada, and Cell Dye eFluor 450, eBiosciences, San Diego, USA).

4.2.5 Statistical analysis

Data shown are geometric means+=SEM. Differences were examined using the Students t-test and

significance associated with a p value <0.05.
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4.3 Results

CD34" CB cells cultured for 7 days with the 5-GF cocktail showed expected increases (Zandstra
et al., 1997) in CD34" cells and CFCs (6- and 12-fold, respectively, Figure 4.1A). In contrast,
NSG-3GS mice transplanted intravenously with aliquots of the same cells showed a 10-fold
reduction in STRC activity relative to the freshly isolated CD34" cells (Figure 4.1B). Similar
results were obtained for cells cultured for 12 days in the 3-GF cocktail (Figure 4.1B). This
consistent loss of in vivo STRC activity in vitro was not reversed by inclusion of 35 nM UM171
(Fares et al., 2014) (STEMCELL Technologies) in the medium or pre-transplant exposure of the
cells to 10 uM 16,16-dimethyl prostaglandin E2 (PGE2, Cayman Chemical, Ann Arbor, USA)
for 120 minutes (Cutler et al., 2013) and 5 mM diprotin A (DPA, Sigma-Aldrich) in the last 15
minutes (Christopherson et al., 2004) (Figure 4.1B). Intrafemoral injection of cells cultured in 5
GFs improved myeloid STRC activity 4-fold compared to cells injected intravenously, but still
markedly less than predicted by the expansion of CFCs.

Time course experiments showed both myeloid and platelet STRC activities were
reduced within 24 hours below input values (Figure 4.2A), despite no change in CFCs (270130
versus 250440 colonies per 10° CD34* CB cells, 4 experiments). Interestingly, 3-week platelet
outputs were already maximally reduced after 4 hours of GF exposure, whereas matching
myeloid outputs were not yet affected.

Comparison of 3-week STRC-derived myeloid outputs in mice transplanted with CD34*
cells before and after culture for 24 hours in SFM with different GFs or 2% FBS showed no loss
of STRC activity when FBS was substituted for the 5-GF cocktail (Figure 4.2B), as did all

groupings of GFs that activate similar downstream pathways (Gilliland and Griffin, 2002;
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Ronnstrand, 2004; Schindler, 2002) (Figure 4.2C). However, insulin alone, either as a
component of SFM (Figure 4.2B), or when present at a 200-fold lower concentration (Figure
4.2C), did not induce a significant loss of STRC activity, indicating that not all GFs have an
equal ability to impair engraftment. In the absence of insulin, total cell viability was markedly
reduced, leading to a 70% reduction within 24 hours.

We then investigated whether the rapid loss of STRC activity might be caused by an
acquired inability to home into the BM. Despite no change in functional CFC numbers after 24
hours in culture with 5 GFs, the proportion of CFCs that homed to the BM was reduced 3-fold
(Figure 4.2D). This reduction is similar to the concomitant effect obtained on STRC activity.
Moreover, when the CB cells were cultured in SFM with 2% FBS instead of GFs, CFC homing
was also little affected (Figure 4.2D). A similar reduction in the BM homing of 3 different
intravenously injected human leukemia cell lines was also observed when these were first

incubated with the same 5 GFs for 24 hours before being transplanted (Figure 4.2E).

4.4 Discussion

To date no phenotype or in vitro assay has proven to be a reliable predictor of the rapidity with
which neutrophils or platelets will appear in the blood of patients transplanted with cultured
hematopoietic cells. Indeed, there is little information regarding the ability of GFs alone to
support the robust expansion of human hematopoietic cells capable of producing large numbers
of neutrophils and platelets early after transplant. We have now demonstrated the rapidity with
which multiple GFs impair the ability of primitive human hematopoietic cells to regenerate

mature neutrophils and platelets within 3 weeks in vivo. We also show that the in vitro activity of
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progenitors (CFCs) that produce neutrophils and macrophages in the same time frame (2-3
weeks) is not affected. This finding and the similarity in speed and magnitude of the GF-induced
homing deficiency of CFCs suggests that an initial homing failure, rather than a loss of viability
or differentiation capacity, is responsible for the subsequent deficient in vivo outputs of
neutrophils (and platelets). The differential effect on the cells responsible for producing these
different outputs (Cheung et al., 2012) highlights a potential need for cell-specific culture

conditions to preserve their in vivo activity.
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Figure 4.1. Cultured CD34+ CB cells show a profound and selective loss of STRC activity.

(A) Fold-increase in CD34+ cells (left panel) and CFC numbers (right panel) after 7 days of
culture of CD34+ CB cells in SFM+5 GFs (4 experiments). (B) Levels of human neutrophils and
platelets in the peripheral blood of NSG-3GS mice transplanted 3 weeks before with the progeny
of 104 CD34+ CB cells (“input”) cultured for 7 days in SEM+5 GFs (9 mice) or SFM+5

GFs+PGE2+DPA (3 mice), or for 12 days in SEFM+3 GFs (10 mice) or SFM+3 GFs+UM171 (10
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mice), expressed as a percent of the corresponding levels obtained from the cells used to initiate
the cultures (20 mice). The gray horizontal bar indicates the range defined by £1 SEM of pooled
values obtained with the input cells. The dotted line indicates the platelet detection threshold.
Asterisks indicate statistically significant differences determined using the Student t-test (* = p <

0.05; ** =p <0.01; *** = p <0.001) between each condition and the freshly isolated control.
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Figure 4.2. GF-induced loss of STRC activity occurs rapidly and is associated with a

similar reduction in CFC homing efficiency to the BM.
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(A) Kinetics of the culture-induced loss of human myeloid (left panel) and platelet (right panel)
STRC activity (2x10* CD34* cells injected per NSG-3GS mouse, ~8 mice per point) (B) Effect
on human myeloid STRC activity of culturing 2x10* CD34* CB cells for 24 hours in SFM+5
GFs (13 mice), SFM only (6 mice), or IMDM+2% FBS (7 mice). Values shown are the
chimerism levels in NSG-3GS mice obtained by the cultured transplants expressed as a percent
of the chimerism levels obtained from the number of pre-cultured cells (“input”) used to derive
the same number of cultured cells tested (17 mice). (C) Effect on human myeloid STRC activity
of culturing 2x10* CD34* CB cells for 24 hours in SFM plus the indicated GF(s) (5 NSG-3GS
mice per group). 1/200 insulin level = 60 ng/mL. Values shown were calculated as in (B). (D)
Effect on the BM homing activity of CFCs cultured for 24 hours in SFM+5 GFs or IMDM+2%
FBS tested in NSG-3GS (solid circles) or NSG (open circles) recipients. Values shown are the
proportion of injected CFCs detected in 2 femurs after injection of the cultured cells expressed as
a percent of the proportion of CFCs that homed to 2 femurs from the pre-cultured cells (“input”,
6 mice per group). (E) Effect of culturing the cell lines shown for 24 hours in IMDM+10%
FBS+5 GFs versus IMDM+10% FBS alone on their NSG BM homing activity. Pre and post-
cultured cells were differentially labeled with CFSE and Cell Dye eFluor 450 and co-
transplanted. Values for 5 GF-cultured cells are shown as a percent of FBS alone-cultured values
(same starting cell numbers) obtained in the same mice. Asterisks indicate statistically significant
differences (* = p <0.05; ** = p <0.01; *** = p <0.001) between each condition and the freshly

isolated control determined using the Student t-test.
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Chapter 5: Discussion

The experimental results presented in this thesis demonstrate improved detection and assessment
of normal human STRCs and an analysis of their activity in mobilized and ex vivo manipulated
products. STRCs are a highly important component of hematopoietic transplants as they provide
the majority of the early neutrophils and platelets produced in patients undergoing treatments
involving myeloablative therapy. However, investigation of their numbers in mobilized cell
harvests is lacking, with the effect of new and old mobilizing agents on STRCs in the PB and
BM being poorly understood. In addition, the under-representation of STRC in CB collections
warrants the development of ex vivo expansion protocols that will help overcome the delayed

hematopoietic recoveries seen in adult recipients of CB.

5.1 Detection and quantification of human STRCs

The results described in Chapter 2 highlight the need to develop methodology specific for the
analysis of STRCs, and describe the main assay used to generate the results shown in later
chapters. Immunodeficient mouse strains widely used for the detection of human LTRCs have
also been the most common choice for detecting human STRCs (Shultz et al., 2012). However,
their poor support for human myeloid cell production has undermined the sensitivity for cell
types that predominantly produce myeloid cells, such as STRCs. This has required the use of BM
aspirations to provide the larger numbers of cells needed when detecting very low chimerism.
The findings shown in Chapter 2 show that NSG-3GS mice support 5-fold greater myeloid cell

outputs from transplanted STRC than NSG mice, without affecting the frequency of STRCs that
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engraft. This increase provides a corresponding increase in human myeloid cells in the
circulation and enables their accurate measurement by PB sampling, obviating the sampling error
associated with BM aspirations during the post-irradiation recovery period.

Incomplete post-irradiation recovery of mouse hematopoiesis influences the
interpretation of human BM chimerism and increases the associated inter-mouse variation.
Results in Chapter 2 show that at 3 weeks post-irradiation, recovery of NSG mouse
hematopoietic cell outputs is still in progress. Although these data were generated with non-
transplanted mice it is assumed that mouse hematopoietic recovery is not significantly enhanced
by their being transplanted with human cells. In support of this, results in Chapter 2 show that at
3 weeks post irradiation and transplant of human CB there is considerable inter-femur variation
of human chimerism in both NSG and NSG-3GS mice. These latter results indicate that single
site BM sampling would lead to inaccurate measures of human chimerism and argue for the use
of whole mouse measurements, such as blood sampling, of human chimerism at early time-
points.

The duration of enhanced myeloid cell outputs in NSG-3GS, as compared to NSG mice,
was sustained for up to at least 12 weeks post-transplant, with a loss of enhancement seen 20
weeks post-transplant. The cause of this late reduction was not investigated, however several
processes can be suggested. For instance, the related NOD/SCID-3GS (NS-3GS) mouse, that
produces the same human growth factors but was developed prior to the existence of the NSG
mouse, has been shown to have negative effects upon transplanted primitive human BM cells
(Nicolini et al., 2004). These effects include decreased CFCs, LTC-ICs, and secondary
NOD/SCID repopulating cells in the marrow of NS-3GS mice 4-6 weeks post-transplant, as well

as increased levels of human CFCs in the mouse circulation. Alternatively, immunological
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activity of transplanted (contaminating) or de novo generated human T cells may have a
deleterious effect on either the host microenvironment or on the engrafted human cells.

Indeed, NSG-3GS mice transplanted with CD34* CB cells produced very high levels of
human T cells at 12 and 20 weeks post-transplant as compared to NSG mice. However, whether
or not these cells were generated de novo or came from contaminating input T cells cannot be
definitively established due to the relatively high cell doses used (10%), despite a cell sorting
strategy that included both negative (CD3") and positive (CD34") selection. Levels of circulating
B cells were slightly elevated in NSG-3GS mice at weeks 3 and 6, with similar levels as NSG
mice at week 12 and 20. B cell levels in the BM appeared lower at these same latter time-points,
perhaps due to extramedullary human lymphopoiesis or by effects on total BM cellularity, and
therefore percentage values, by infiltrating human T cells.

The increased outputs reveal limitations with commonly used xenotransplantation
systems and imply that further modification may lead to additional improvements. For instance,
the under-representation of circulating myeloid cells as compared to that expected from BM
chimerism levels in both NSG and NSG-3GS mice suggests that an impairment remains in cell
trafficking, terminal maturation, or survival after egress from the BM. Similar mechanisms may
be responsible for the dramatically low circulating human platelet levels seen in mice engrafted
with human cells, with Hu et al. suggesting a mechanism of clearance by mouse macrophages
(Hu and Yang, 2012). While these effects are likely not due to the well-studied self-recognition
Sirpa/CD47 interaction (Hu and Yang, 2012; Takenaka et al., 2007), discovery of pathways that
are responsible will be highly informative in the development of next-generation xeno-recipients.

Parts of Chapter 3 show the high degree of co-variance between the above described

STRC assay and several in vitro surrogate assays. Total cell, CD34", and CFC assays are widely
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used to predict time to engraftment post-transplant in patients, however there is an increasing
need to move from correlative assays to more direct assays with the increasing use of a wider
source of cells range of ex vivo cell manipulations. These new results show that an extended in
vitro stromal cell based assay had a high concordance with week 3 in vivo myeloid activity. The
further investigation of such STRC assays that are amenable to widespread use would be highly

beneficial for clinical transplanters and their patients.

5.2 Mobilization of STRCs

Harvested mobilized cells are the most common source of cells used for clinical transplants.
While G-CSF is the usual mobilizing agent for allogeneic transplants, plerixafor (P) is now
gaining popularity for use in combination with G-CSF. Experiments in Chapter 3 sought to
determine the optimal timing and treatment combination for the mobilization of normal human
STRCs.

In this study a wide range of hematopoietic cell assays were used, including in vitro
CD34, CFC, and multiple long-term culture endpoints, along with multiple endpoints of in vivo
activity. This range of assays was used to capture a wider range of cell types than addressed in
most studies of hematopoietic cell mobilization. Three and 6 week in vitro LTC-IC assays were
used to assess cells more primitive than CFCs, while in vivo assays were performed with human
GF-producing NRG-3GS mice to enhance the assessment of human STRCs. While later
confirmatory and in vivo assessments were performed using individual patient samples, to reduce
the number of assays performed the initial experiments that determined optimal timing were

performed on pools of the donor samples.
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The results of these preliminary experiments demonstrate that peak levels of CD34* cells,
CFCs, and LTC-ICs were mobilized at 4 hours post-P administration, irrespective of whether G-
CSF had been administered beforehand. The same pooled samples showed that P and or G-CSF
administration did not enhance the BM levels of CD34* or CFCs, with 3 and 6 week LTC-IC
levels being decreased by these treatments. While this latter finding coincides with increased
levels in the circulation, analysis of these samples for STRC content is required to indicate
decreased levels of in vivo repopulating subsets.

Interestingly, in the PB of donors treated with P-only there was a sudden drop in all
hematopoietic subsets 24 hours post-P that was not seen in donors given the combination G-
CSF+P treatment. This decrease may have practical considerations in terms of a narrower
window for harvest of mobilized cells. However, this would need to be balanced against the
advantage of being able to give P just 4 hours ahead of a cell harvest, unlike the multi-day
regimen required for mobilization by G-CSF.

Results from assays performed on individual 4-hour samples confirmed the enhanced
mobilization after either treatment as compared to baseline levels. In addition, they showed a
high degree of similarity among the 5 donors tested. For all hematopoietic endpoints there was a
trend towards greater increases after treatment with G-CSF+P, however these increases reached
significance only for some endpoints. These included CFCs, week 6 mature LTC-IC outputs, and
week 3 and 12 in vivo myeloid cell outputs.

While these results clearly demonstrate enhanced mobilization by use of the combination
treatment, these increases should be weighed against practical and clinical considerations. For
instance, a moderately reduced cell yield may be acceptable for donors unable to undergo multi-

day G-CSF treatment. There is also the possibility of additional enhancement of mobilization
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with the use of newer CXCR4 antagonists, or with combination of P with other agents that also

act specifically on mediators of cell localization.

5.3 Exvivo expansion of STRCs

The STRC deficiency in most CB collections intended for adult recipients suggests that ex vivo
expansion of their numbers would improve clinical outcomes. This, along with the ongoing
development of HSC gene therapy protocols that require periods of ex vivo culture, demands a
comprehensive understanding of the biology of STRCs that have been in culture for short or long
periods. The lack of improved engraftment times with GF-expanded cells has led to the pursuit
of agents able to induce the self-renewal of LTRCs (Boitano et al., 2010; Fares et al., 2014).
However, studies indicating that early engraftment is predominantly provided by STRCs suggest
that the clinical deficit is not HSC-related (Cheung et al., 2013; Glimm et al., 2001).
Nevertheless, most pre-clinical expansion studies addressing delayed hematopoietic recovery are
evaluated based on results of assays for LTRCs, with minimal assessment of STRC outputs in
the same cultures. Ultimately, these questions will only be revealed by successful application of
future expansion strategies. Unfortunately, if simple definitions of clinical recovery are not met,
such transplant expansion strategies may be discarded instead of being re-purposed for other
LTRC-based applications. The experimental results in Chapter 4 describe a dramatic reduction in
STRC activity after brief periods of culture with GFs, suggesting that the engraftment defect
seen is not due to the excessive differentiation observed in prolonged cultures. A parallel
decrease in CFC marrow homing aligned with previous findings in mouse and human that the

engraftment defect is due to impaired homing (Ahmed et al., 2004; Szilvassy et al., 1999).
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Experiments in this thesis show that culture in a range of GFs can induce the engraftment
defect, with the maintenance of STRC activity in non-GF-supplemented cultures suggesting that
the defect is actively induced rather than being due to the absence of critical factors. Moreover,
the inability of insulin to invoke a defect suggests that a particular signalling pathway is
responsible, rather than general GF stimulation, which raises the possibility of specific
manipulation to prevent or reverse the homing defect. Elucidation of the responsible pathways
could be uncovered by use of a screening assay for engraftment of cultured cells, such as with an
arrayed small molecule inhibition screen or with a pooled shRNA library. Alternatively,
transcriptome analysis of 24 hour cultured cells might reveal prospective targets. However, this
would likely be enhanced by limiting the comparison to IL-3 and insulin (control)-treated cells to
reduce the false positives associated with unrelated GF effects on CD34* cells. As it is unknown
whether transcriptional changes are involved in the engraftment defect, analysis of signalling
changes after culture may also be required, again using an IL-3 versus insulin comparison. For
these latter approaches a further refinement of the STRC isolation phenotype be highly beneficial
in reducing noise from contaminating non-STRCs in the CD34*CD38* population.

A previous study also showed that homing of human CFCs is reduced upon culture in
GFs (Ahmed et al., 2004), but this experimental design does not directly address the homing of
cultured STRCs. The negative GF effect precludes the use of a secondary STRC assay in place
of the in vitro CFC endpoint, although with improved phenotypic identification the specificity
could be increased with a flow cytometry based homing assay. This significant caveat is partially
overcome by the parallel changes in STRC repopulation and CFC homing in extent and timing,
as well as by previous data showing a significant overlap between CFCs and STRCs (Cheung et

al., 2012).
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Another important question is whether the engraftment defect is simply due to the use of
xenograft-based assays. This idea is contradicted not only by the lack of established clinical cell
expansion protocols and by several accounts of poor clinical results (Barnett et al., 1989, 1994;
Chang et al., 1986; Engelhardt, 2001, 2001; Holyoake et al., 1997; Shpall et al., 2002), but also
by studies with syngeneic mice (Loo and Ploemacher, 1995; Szilvassy et al., 1999)
demonstrating similar effects of GF culture upon CFC homing and repopulating activity (Kittler

et al., 1997; Peters et al., 1995, 1996; Spooncer and Dexter, 1983; Vallera and Blazar, 1988).

5.4 Concluding comments

The results presented in this thesis provide a further understanding of the regulation, assessment,
and procurement of human STRCs. Future studies of STRCs should focus on further
development of STRC assessment and procurement. Development of rapid assays for the
specific assessment of human STRCs would prove vital for both STRC research and clinical use,
as current STRC assays are costly and time consuming, and surrogate assays lose their power on
manipulated cells. Development of a phenotype that is highly enriched for human STRCs would
likely be most useful, as it is rapid and would be compatible with current laboratory protocols.
However, use of in vitro functional assays that reliably indicate STRC activity would be likely to
prove beneficial despite their lengthy duration.

Further optimization of STRC mobilization protocols is likely to prove beneficial, with a
focus on reducing the duration of mobilization preparative regimens. Increased cell specificity is
likely to reduce the number of co-transplanted GVHD-causing immunological cells, allowing for

greater control over clinical transplant outcomes.
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Generation of large numbers of transplantable STRCs is also still of high importance,
with protocols that expand these cells along with LTRCs without pre-separation likely to be most
useful. Based on the findings in this thesis, success will most likely come from understanding
and overcoming the mechanisms of the engraftment defect, as simply omission of certain growth
factors is unlikely to yield positive results. Development of protocols that lead to the
differentiation of pluripotent cells into hematopoietic STRCs may also be a viable option, with
the development of the pluripotent differentiation field developing rapidly since its inception
(Amabile et al., 2013; Takahashi et al., 2007). However, without the development of in vitro
STRC assays, alternative methods such as barcoding will be required to increase the throughput

of in vivo STRC assessments (Bystrykh et al., 2012).
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