Chapter 2
Early-Acting Hematopoietic Growth Factors:
Biology and Clinical Experience

Stephen J. Szilvassy

Abstract Secreted protein growth factors that stimulate the self-renewal, prolif-
eration, and differentiation of the most primitive stem cells are among the most
biologically interesting molecules and at least theoretically have diverse applica-
tions in the evolving field of regenerative medicine. Among this class of regulators,
the early-acting hematopoietic growth factors and their cellular targets are perhaps
the best characterized and serve as a paradigm for manipulating other stem cell
based tissues. This chapter reviews the preclinical knowledge accumulated over ~40
years, since the discovery of the first such growth factor, and the clinical applica-
tions of those that, upon testing in humans, ultimately gained regulatory approval
for the treatment of various hematological diseases.

Introduction

Blood comprises many cell types that carry out highly specialized functions such
as transporting oxygen to tissues and combating infection via both cell-based and
humoral mechanisms. The production of blood, or hematopoiesis, is one of the
most well-studied physiological processes and serves as a paradigm for other adult
stem cell systems and the regulation of self-renewing tissues. During steady-state
hematopoiesis in humans, approximately 200 billion new erythrocytes, 100 billion
leukocytes, and 100 billion platelets are produced each day to replace those lost
through natural aging processes. In response to hematological stress (e.g., hypoxia,
infection), the numbers of a particular type of blood cell required to meet phys-
iological demands can expand rapidly by >tenfold. This remarkable capacity for
lineage-specific expansion while maintaining the appropriate balance of blood cell
types resides in a hierarchy of hematopoietic stem and progenitor cells that are found
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mainly in the bone marrow (BM). At the origin of this hierarchy lies a comparatively
rare population of ~50 million pluripotent hematopoietic stem cells (HSCs) [1].
HSCs are normally quiescent or cycle very slowly. When stimulated to proliferate,
they undergo a series of asymmetric cell divisions and fate decisions during which
they gradually lose the potential to execute one or more developmental options. This
leads to the generation of a heterogeneous pool of multipotent, tripotent, bipotent,
and ultimately unipotent progenitor cells that are committed to differentiate into one
of the eight lineages of morphologically identifiable cells in the peripheral blood. In
addition to their extensive capacity for proliferation and multilineage differentiation,
HSCs have the ability to self-renew thus preventing exhaustion of the stem cell pool
and ensuring that an adequate supply of blood cells can be produced for the lifetime
of the individual.

At the level of each individual stem or progenitor cell, the probability of execut-
ing any one of these developmental options, or of dying by apoptosis, is tightly
regulated by a network of glycoprotein hormones known as the hematopoietic
growth factors (HGFs). HGFs exhibit a general hierarchical organization in their
actions that mirrors that of the cellular elements of the hematopoietic system.
However, there is considerable overlap in target cell populations and some cytokines
that were originally thought to act only on lineage-committed progenitor cells or
their progeny are now known to have multiple levels of activity, including on the
most primitive HSCs (e.g., thrombopoietin; TPO). Conversely, some factors that
were initially thought to act only on multipotential cells were found to stimulate
the proliferation of mature cells (e.g., stem cell factor; SCF). Thus, pleiotropy and
redundancy have emerged as dominant themes.

Most HGFs are produced by macrophages, fibroblasts, osteoblasts, and endothe-
lial cells that comprise the BM microenvironment. These so-called stromal cells also
express adhesion molecules that serve to physically retain stem and progenitor cells
within “niches,” thus co-localizing them with factors that regulate the earliest events
in their development. The action of HGFs to promote proliferation and differentia-
tion is balanced by that of various inhibitory factors that attenuate the proliferation
response once physiological demand is satisfied. The opposing activities of these
positive and negative regulators on various cell types can be further modulated in
a concentration-dependent manner and depending on the context in which they are
presented to the target cell, i.e., either alone or in combination with other cytokines,
and whether the growth factor is secreted or bound to the surface of stromal cells.

Since the regulatory approval and commercial launch of the first recombinant
human (rHu) HGFs in the early-mid-1990s, several such agents have been admin-
istered to millions of patients. Much attention has been focused on the late-acting
cytokines such as erythropoietin (EPO), granulocyte colony-stimulating factor (G-
CSF), and TPO because these have proven to be most useful for the treatment of
different cytopenias. Comparatively little attention has been given to early-acting
factors as these have in general not made a large therapeutic impact or proven to
be as commercially successful. Moreover, discovery of the “holy grail” of experi-
mental hematology, the putative stem cell-specific self-renewal factor, has remained
elusive (indeed current evidence suggests it may not exist at all). Nevertheless,
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early-acting HGFs, defined herein as cytokines with actions on multipotential cells,
exhibit an array of interesting activities and their therapeutic utility remains to be
fully explored. In this chapter, the biology of the most well-characterized early-
acting HGFs will be reviewed with particular emphasis on those that have been
investigated in the clinic.

Stem Cell Factor (SCF)

The history of the discovery of SCF originates early in the last century with the
description of the dominant White spotting (W) locus in mice. Mice bearing any of
the ~20 allelic variants of the W gene exhibit multiple defects including macrocytic
anemia [2]. The identification of another mutation, designated Steel (SI), with a
virtually identical phenotype but localized to a different chromosome led to the
hypothesis that these loci may represent a receptor/ligand pair. Confirmation of his
hypothesis was obtained in 1988, when two groups simultaneously showed that the
W locus encoded a tyrosine kinase receptor, c-kit, with the same general structure
as the receptors for macrophage colony-stimulating factor (M-CSF), Flt3 ligand
(FIt3L), and platelet-derived growth factor [3, 4]. This ignited a vigorous race to
identify the cognate ligand that culminated with the cloning of the mouse, rat, and
human SCF genes simultaneously by three groups in 1990 [5—7]. Though named dif-
ferently by each team, SCF (c-kit ligand [KL], steel factor, or mast cell growth factor
[MGF]) was found to be a 248 amino acid type I transmembrane protein that also
undergoes proteolytic cleavage to generate a ~165 amino acid secreted ligand, both
of which are biologically active [5, 6, 8]. Alternative mRNA splicing appears to be
an additional mechanism for producing soluble or membrane-bound forms of SCF.
The ratio of these isoforms differs between tissues, but the physiological relevance
of this phenomenon is unknown. Cell-bound SCF is required for normal develop-
ment since mice bearing the Steel-Dickie (S/%) mutation that eliminates only this
form of the factor exhibit several developmental abnormalities [9]. Moreover, when
cDNAs encoding either form of human SCF were transfected into SI/SI stromal cells,
the membrane-bound form of SCF was better able to support human hematopoietic
cells in vitro than secreted SCF [10]. The amino acid sequences of the mouse and
human proteins are 82% identical, but while murine SCF is fully active on human
cells, human SCF is ~1,000-fold less active on rodent cells than murine SCF [6].
Native SCF is glycosylated [11]. The recombinant human protein produced for clin-
ical studies in Escherichia coli (see below) is non-glycosylated but identical to the
native amino acid sequence except for the presence of an N-terminal methionine
(met).

SCF (together with FIt3L discussed below) exemplifies a distinct group of early-
acting HGFs that have little or no growth-promoting activity as single agents, but
which selectively promote the survival of primitive hematopoietic cells including
stem cells with long-term repopulating ability [12, 13]. However, SCF can syner-
gize with most other HGFs in vitro to directly enhance stem and progenitor cell
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proliferation [14-16]. In such cultures, SCF increases the number and size of the
colonies produced, but their composition typically reflects the later-acting lineage-
associated cytokines that are present. In vivo administration of recombinant SCF to
SI/S1? mice ameliorates their anemia, which reappears upon cessation of treatment.
The number of granulocytes, monocytes, platelets, and lymphocytes also increases
above normal levels [17]. Early after administration of SCF to normal mice, cir-
culating neutrophil counts increase modestly and primitive clonogenic cells are
mobilized to the peripheral blood from which they redistribute to peripheral sites
such as the spleen [18]. BM stem and progenitor cells also begin to proliferate
so that their numbers may be greatly expanded after ~2 weeks. These effects are
much more pronounced when SCF is combined with G-CSF, resulting in greater
than additive increases in circulating neutrophils and enhanced mobilization of
stem/progenitor cells that are capable of rescuing mice, dogs, and non-human pri-
mates from lethal irradiation [19-21]. Mast cells are the most dependent on SCF
for their survival, proliferation, maturation, and function. SCF increases mast cell
numbers in S/ (but not W) mutant mice as well as in normal rodents and non-human
primates [22].

Based on these preclinical data, clinical development of r-metHuSCF (ancestim,
STEMGEN®) focused on its use in combination with r-metHuG-CSF (filgrastim,
NEUPOGEN®) to optimally mobilize hematopoietic stem and progenitor cells for
transplantation after myeloablative therapy in cancer patients. Results of these clini-
cal studies have been reviewed in detail [23]. Briefly, in phase I/II studies of patients
with breast cancer, non-Hodgkin’s lymphoma, and ovarian cancer, 5 pg/kg/day
rHuSCF as a single agent did not induce significant mobilization. However, when
combined with r-metHuG-CSF, r-metHuSCF improved apheresis yields by twofold
to threefold. The numbers of circulating CD34% cells and in vitro colony-forming
cells (CFCs) then returned to pretreatment levels usually within 47 days after ces-
sation of treatment. In the pivotal phase III trial, a greater proportion of breast
cancer patients treated with 20 pg/kg/day r-metHuSCF plus 10 pg/kg/day filgrastim
achieved the target yield of 5 x 10% CD34* cells/kg for autologous transplantation
than did patients treated with filgrastim alone (63% vs. 47%) [24] (Fig. 2.1). The
improved mobilization with r-metHuSCF plus r-metHuG-CSF resulted in a statisti-
cally significant reduction in the number of aphereses required to collect the target
number of peripheral blood stem/progenitor cells (median 4 vs. >6) and increased
the number of patients for which a sufficient graft could be collected, compared to
mobilization with r-metHuG-CSF alone. These clinical findings led to approval of
STEMGEN® in Canada, Australia, and New Zealand as a co-administration with
filgrastim for hematopoietic stem and progenitor cell mobilization. Consistent with
the collateral effects of SCF in stimulating mast cell proliferation and degranulation,
all patients require prophylactic administration of H1 and H2 antihistamines and a
bronchodilator to ameliorate systemic anaphylactoid reactions.

In addition to stem cell mobilization, SCF has demonstrated utility in ex vivo
expansion. Addition of SCF to cultures containing interleukin (IL)-3, IL-6, IL-
11, TPO, granulocyte-macrophage colony-stimulating factor (GM-CSF), and other
cytokines enhances the survival, proliferation, and differentiation of CD34*CD38~
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Fig. 2.1 SCF enhances the mobilization of hematopoietic cells by G-CSF. Shown is the median
CD34* cell yield on each day of leukapheresis in patients mobilized with 10 pg/kg/day rHuG-CSF
(filgrastim) alone or together with 20 pg/kg/day rHuSCF. Leukapheresis was started on day 5 after
growth factor treatment (indicated as day 1) until the cumulative CD34* cell yield reached >5 x
10%/kg or a maximum of 5 leukaphereses. Reproduced with permission from Ref. [24]

candidate HSCs, long-term culture-initiating cells (LTC-IC), and stem cells with
long-term repopulating ability [25-27]. Expanded hematopoietic cells have been
used to accelerate the rate of hematopoietic reconstitution after transplantation [28,
29] and to support repetitive cycles of high-dose chemotherapy thus eliminating the
need for additional BM harvests or leukaphereses [30]. Ex vivo expansion may also
extend the application of umbilical cord blood stem cell transplantation to adult
patients for whom the number of HSCs in a typical cord blood unit is often insuf-
ficient to facilitate engraftment or enable the purging from autologous stem cell
preparations of contaminating tumor cells that can contribute to disease relapse fol-
lowing transplantation. Finally, SCF is being used extensively in the developing
field of gene therapy where it offers an advantage over late-acting HGFs in better
preserving the engraftment potential of the targeted stem cells during their infection
with viral vectors in vitro.

F1t3 Ligand (F1t3L)

Like SCF, the discovery of FIt3L began with the identification of its receptor,
fms-like tyrosine kinase 3 or flt3 [31]. Murine fit3 was used as a probe to iden-
tify the murine [32, 33] and human [33, 34] ligands, which were found to be
72% identical at the amino acid level. FIt3L. has many features in common with
SCF. Like SCF, FIt3L is a type I transmembrane glycoprotein, the mature form
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of which is composed of 209 amino acids in man. The membrane-bound isoform
is predominant and biologically active, though like SCF, rare alternative isoforms
resulting from alternative splicing have been reported and an active soluble protein
is produced by proteolytic cleavage [32]. The form of rHuFIt3L used in clinical
studies described below is truncated (153 aa) and glycosylated with a molecular
weight of 18-29 kDa. Unlike SCF, FIt3L does not exhibit any species specificity
and human FIt3L is equally potent on rodent, rabbit, and non-human primate
cells.

FIt3L is produced at highest levels in the BM and expression is further upregu-
lated by conditions that damage the HSC compartment (e.g., radiation). Although
SCF and FIt3L overlap considerably in their biological actions, there are notable
differences. For example, murine long-term repopulating HSCs are c-kit* but
flt3-negative and upregulate the receptor only upon activation and maturation
[35]. However, in a rare example of differences between the mouse and human
hematopoietic systems, human HSCs capable of engrafting immunodeficient mice
are flt3* [36, 37]. Expression of flt3 is then progressively downregulated during
myeloid differentiation and is shut off completely prior to erythroid commitment.
Flt3 is also absent on mast cells so it does not exhibit the anaphylactic effects of
SCF in vivo. Similar to SCF, as a single agent FIt3L promotes the survival rather
than proliferation of HSCs but synergizes with virtually all the other HGFs, includ-
ing SCF, to enhance their activities [38—40]. However, when directly compared to
SCF as a supplement to otherwise identical cytokine combinations, FIt3L is often
less potent, generating slightly fewer and smaller colonies than those observed
with SCF-containing cocktails. This is consistent with the absence of Flt3 on more
primitive clonogenic cells, at least in mice, as discussed above.

In vivo administration of rHuFIt3L results in the expansion of hematopoietic
progenitor populations in the BM and their mobilization into the blood [41]. Stem
cell mobilization induced by G-CSF is increased ~fivefold by co-administration
of FIt3L, and mobilized stem/progenitor cells retain the ability to reconstitute
hematopoiesis after transplantation [42]. Injection of FIt3L into mice also increases
the number of immature B cells, monocytes, and natural killer (NK) cells in the BM
and blood and induces the appearance of dendritic cells (DCs) in the spleen and sec-
ondary lymphoid tissues. The expansion of DCs is particularly significant as these
cells are among the most efficient at presenting processed antigens to cytotoxic T
cells (CTL), resulting in their activation and proliferation to mediate antitumor and
antiviral immune responses. DCs have been used as vaccine vectors for cancer and
infectious diseases, but success is limited by their low abundance in peripheral blood
and lymphoid tissues. Administration of FIt3L has beneficial effects in preclinical
cancer models [43, 44], but maximal efficacy is probably limited by the fact that
the DCs generated by FIt3L alone are immature [45]. Combination therapy with
CDA40 ligand (CD40L), a potent inducer of DC maturation that is required to pro-
mote the development and expansion of antigen-specific CTL, has been shown to
significantly improve antitumor immunity [46] (Fig. 2.2).

Based on these preclinical data, clinical studies were conducted to assess the abil-
ity of FIt3L to improve the yield of stem/progenitor cells for stem cell mobilization,
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Fig. 2.2 Combination treatment with FIt3L and CD40L inhibits the growth of murine tumors in
vivo. Panel a: C57BL/6 mice were transplanted 5 x 107 B10.2 sarcoma cells and treated for 19
days with mouse serum albumin (MSA; 0.1 pg/day), FIt3L (10 pg/day), CD40L (10-30 pg/day),
or a combination of FIt3L (10 pg/day) and CD40L (10-30 pg/day). Treatments were started on the
same day as the tumor cell inoculations. Panel b: C3H/HeN mice were transplanted 5 x 10° '87°
sarcoma cells and treated with mouse serum albumin (MSA; 0.1 pg/day), FIt3L (10 pg/day),
CDA40L (10 pg/day), or a combination of FIt3L and CD40L (each at 10 pg/day). Treatments were
started on the day after tumor cell inoculation, except for CD40L either alone or in combination
with FIt3L, which began 7 days after the initiation of MSA or FIt3L treatment. Mice were treated
until day 20. The number of tumor-bearing mice as a fraction of all animals per treatment group is
indicated for the last time point. Reproduced with permission from Ref. [46]

as a stand-alone immunotherapeutic agent for cancer patients or as an adjuvant for
cancer or infectious diseases. As in animals, administration of FIt3L alone induced
dose-dependent increases in circulating neutrophils, monocytes, CD34* cells, B
cells, and plasmacytoid and conventional DCs. Combining FIt3L with r-metHuG-
CSF (NEUPOGEN®) or THuGM-CSF (sargramostim, LEUKINE®) resulted in
increased stem cell mobilization in “hard to mobilize” patients with non-Hodgkin’s
lymphoma (NHL) but had limited effects in “easy to mobilize” patients with breast
cancer. When combined with chemotherapy in patients with hormone-refractory
prostate cancer, NHL, or metastatic melanoma, FIt3L treatment led to increased
numbers of monocytes and DCs in the peripheral blood. However, there was no
effect on tumor response rates perhaps, as noted in preclinical studies, because the
DCs that were generated in vivo were immature. In numerous studies in which FIt3L
was tested in the vaccine adjuvant setting, it did not augment antigenicity when
delivered in vivo prior to the vaccine. However, intriguing results were noted in one
study when FIt3L was used to stimulate DC expansion in vivo, from which a vac-
cine was prepared ex vivo [47]. In this study, 12 patients were administered FIt3L
at different dosing schedules to expand DCs prior to collection of peripheral blood
cells, which were then primed with tumor antigen in culture. Following reinfusion
of tumor antigen-primed DCs, seven patients developed tumor-specific CTL and
five patients had their tumors regress though they did not receive any other cancer
treatment during this time (Fig. 2.3). Although CTL activity after vaccination did
not correlate directly with clinical responses, both the percent and fold expansion of
vaccine-induced CD8* T cells did.
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Fig. 2.3 Tumor regression in a cancer patient treated with a DC vaccine generated ex vivo fol-
lowing in vivo treatment with FIt3L. Computed tomography scans were performed within 1 month
before the first DC vaccination (/eff) and 4 months after the final DC vaccination (right) in a patient
with progressive metastatic colorectal cancer. A growing lung metastasis (black arrow in left
scan) and malignant pleural effusion (not shown) that were evident before vaccination completely
resolved after treatment. Reproduced with permission from Ref. [47]

For now, clinical development of rHuFIt3L has been discontinued, but preclini-
cal research continues in earnest. Recently, FIt3L was included among a list of 12
agents with the greatest potential to cure cancer by a National Cancer Institute work-
shop [48]. In addition to the uses described above, other applications of FIt3L (as
with SCF) include gene therapy to improve HSC transduction efficiency with viral
vectors and ex vivo expansion. The recent finding that common lymphoid progen-
itors (CLPs), but not HSCs or common myeloid progenitors (CMPs), are reduced
~tenfold in FIt3L knock-out mice [49] suggests its potential utility in driving CLP
expansion as a means to accelerate the typically slow rate of lymphoid reconstitu-
tion that follows allogeneic transplantation in particular or as a prophylactic therapy
for infection in neonates or the elderly who often have dampened immunity. The
promise of this agent remains high, and there is an obvious need for further studies.

Thrombopoietin (TPO)

TPO is the seminal regulator of megakaryocyte differentiation and platelet produc-
tion that is constitutively produced mainly in the liver. TPO was first postulated
to exist in 1958 [50], well before the gene was cloned by five groups simultane-
ously in 1994 [51-55]. Purified recombinant TPO was confirmed to be the ligand
for the orphan cytokine receptor, c-mpl (the cellular homolog of the myeloprolifer-
ative leukemia virus oncogene, v-mpl), whose expression is restricted to primitive
hematopoietic cells, megakaryocytes, and platelets. Human TPO comprises a total
of 332 amino acids and nearly half of its ~70 kDa mass is contributed by N-linked
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and O-linked carbohydrates [52—54]. Sugars are attached predominantly to the 181
amino acid C-terminal domain that lacks any sequence similarity to other HGFs
and serves to enhance secretion of the protein from producer cells [56]. An N-
terminal domain of 153 amino acids has some sequence similarity to EPO and is
sufficient for biological activity in vitro [53]. The basic biology of TPO, its late-
acting effects on megakaryocytopoiesis, and the clinical development of rHuTPO
and second-generation mpl ligands (e.g., romiplostim, Nplate®) for the treatment
of thrombocytopenia are described in detail elsewhere in this volume. I will focus
here on the early actions of TPO on primitive HSCs, which have only recently been
described in mechanistic detail and have not as yet been exploited for therapeutic
purposes.

The effect of TPO on non-megakaryocytic lineages was obvious from early
studies characterizing TPO-deficient and c-mpl-deficient mice. As expected, both
knock-out strains had reduced numbers of megakaryocytic progenitor cells (CFU-
Mk) in the BM and spleen, a lower average ploidy of surviving megakaryocytes,
and ~85% fewer circulating platelets. Significantly, however, the number of mul-
tipotential and committed myeloid and erythroid progenitors in the BM, spleen,
and peripheral blood was also reduced [57, 58], suggesting that TPO exerts either
direct or indirect actions on multipotential stem cells. This was supported by
studies demonstrating that administration of recombinant TPO or megakaryocyte
growth and development factor (MGDF, a non-glycosylated and truncated version
of TPO that is covalently conjugated to polyethylene glycol [PEG] to enhance
the stability of the molecule) to normal or myelosuppressed mice resulted in the
expansion of CFU-GM and BFU-E (as well as CFU-Mk) and reduced the sever-
ity of chemotherapy-induced or radiation-induced leukopenia and anemia [59, 60].
TPO was shown to act directly in single cell cultures of highly enriched murine
long-term repopulating HSCs. In combination with other early-acting HGFs (e.g.,
SCEF, FIt3L, IL-3, IL-6), TPO enhanced HSC survival, accelerated the timing of the
first cell division, and synergistically increased the number and size of multilin-
eage colonies [61-64]. Solar et al. [65] found that ~50-70% of murine fetal liver
AA4.1*Sca-1%c-kitt cells, murine BM-derived Sca-1*"c-kit*Lin~ cells, and human
BM CD34*CD38" cells expressed the c-mpl protein. As shown in Table 2.1 for
human stem cells, when these were fractionated into mpl~ and mpl* populations,
essentially all of the HSCs able to reconstitute hematopoiesis in vivo were recovered
in the mpl* fraction [65].

The molecular mechanisms underlying these actions of TPO on HSCs are begin-
ning to be deciphered (Fig. 2.4). TPO was recently shown to modulate HoxB4 and
HoxA9, members of a homeodomain-containing family of transcription factors that
are expressed at high levels in HSCs and are critical for self-renewal. The level
of HoxB4 mRNA is ~threefold lower in mouse stem cells (Sca-1*c-kit*Gr-17)
from TPO™~ vs. wild-type mice. TPO increases HoxB4 mRNA levels in a p38-
dependent manner in a cell line engineered to express human c-mpl [66]. TPO also
induces the importation of HoxA9 into the nucleus, in this case without altering
overall levels, where it can physically associate with the co-factor MEIS1 (myeloid
ecotropic viral integration site 1) whose expression is also increased by TPO [67].
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Table 2.1 Human hematopoietic stem cells with in vivo repopulating ability express the TPO
receptor (c-mpl)

Donor Donor Donor
No. of mice HLA/CD34 HLA/CD33 HLA/CDI9

Cell phenotype Study no. engrafted (%) (%) (%)
CD34*CD38~ 1 3/5 84+28 143+£53 642+ 11.3
CD34*CD38 ¢c- 1 5/5 22.7+5.7 18.9 £ 3.6 67.6 £2.5

mpl*
CD34*CD38 c¢- 1 1/4 4.2 12.5 18.9

mpl~
CD34*CD38~ 2 3/5 79+ 12 177 +£4.2 48.5+33
CD34*CD387¢c- 2 4/5 27.8 £3.5 129+ 49 59.3+9.6

mpl*
CD34*CD387¢c- 2 1/5 1.8 5.6 5.9

mpl™

Immunodeficient scid/scid mice were implanted with human fetal bone marrow fragments and then
injected with 3 x 10* adult bone marrow-derived CD34*CD38~ hematopoietic stem cells that had
been separated into c-mpl~ or c-mpl* fractions by fluorescence-activated cell sorting. The progeny
of transplanted human HSCs was distinguished from cells comprising the human fetal bone graft
and host mouse cells by expression of a donor-specific human leukocyte antigen (HLA). In contrast
to c-mpl~ cells that contributed rarely to only low levels to hematopoiesis, c-mplt HSCs could
regenerate large numbers of stem/progenitor (HLA/CD34), myeloid (HLA/CD33), and B lymphoid
cells in the majority of transplanted recipients. Reproduced with permission from Ref. [65].
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Fig. 2.4 TPO stimulates an intracellular circuit to promote the survival and proliferation of
hematopoietic stem cells. TPO binding to its cell surface receptor, c-mpl, initiates signals that
increase transcription of VEGF (through enhanced synthesis and stabilization of HIF-o) and
HOXB4. Nuclear import of HOXAY protein is also enhanced facilitating its interaction with
MEIS|, transcription of which is also stimulated by TPO. Together these signals increase the
expression of diverse “stemness’” genes that play key roles in HSC development
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Finally, TPO increases the synthesis and stabilization of hypoxia-inducible factor
(HIF)-1a, the primary transcription factor responsible for expression of vascular
endothelial growth factor (VEGF), which in addition to being the principal regula-
tor of blood vessel formation, also controls HSC survival and repopulating potential
through an intracellular autocrine loop [68]. This is consistent with the fact that
compared to other tissues, under physiological conditions the marrow is somewhat
hypoxic, and exposure of human HSCs to low oxygen tension in vitro leads to an
increase in HIF-1 expression and in vivo repopulating ability [69]. Enriched HSCs
from TPO™~ mice express ~fivefold lower levels of VEGF mRNA than wild-type
mice but VEGF expression can be induced by TPO [70]. Pharmacologic blockade
of VEGF receptor kinase activity in cultures of single BM stem cells significantly
reduced the ability of TPO to promote their survival and proliferation in vitro [70].
Taken together, these findings paint a complex picture of TPOs action on HSCs
and provide an interesting example of how a secreted HGF can modulate stem cell
development by influencing the production of an array of transcription factors.

Leukemia Inhibitory Factor (LIF)

LIF was originally named for its ability to induce differentiation and suppress pro-
liferation of a murine myeloid leukemia cell line, M 1. However, with the breadth of
activities that have now been ascribed to LIF [71], the most interesting of which
are arguably outside of the hematopoietic system, it is somewhat misleading to
refer to this hormone as a hematopoietic growth factor, at least in the same vane
as the other cytokines described herein and elsewhere in this volume. Mice har-
boring only one or no intact copies of the LIF gene do have reduced numbers of
hematopoietic progenitor cells, proportional to LIF copy number and which can be
normalized by administration of recombinant LIF, but the number of circulating ery-
throcytes, leukocytes, and platelets is normal. Furthermore, LIF~~ BM and spleen
cells exhibit normal hematopoietic repopulating ability in vivo, indicating that LIF
is not required for the maintenance of primitive HSCs [72]. Thus while LIF can
act directly on lineage-committed progenitors and differentiated cells as described
below, more primitive HSCs do not express LIF receptors [73] and LIFs action on
these cells appears to be indirect.

Structurally, LIF is similar to many other HGFs, comprised of a single 4-a-
helix polypeptide chain of 179 amino acids with ~79% sequence identity between
mouse and human proteins [74]. Human LIF acts on mouse, non-human primate,
and human cells, but murine LIF is species-restricted in its action. The molecule
is heavily glycosylated, resulting in a molecular mass ranging from 38 to 67 kDa,
but this is not required for biological activity in vivo. LIF mRNA is transcribed in
multiple organs, but of most relevance to its hematopoietic actions, LIF protein is
produced by a variety of BM mesenchymal and immune system cells, including
fibroblasts, monocytes/macrophages, endothelial cells, and activated T cells, among
others [75]. It is thought to be produced constitutively in many tissues but can be
upregulated by other cytokines (e.g., IL-1, IL-6, IL-8, and tumor necrosis factor
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[TNF]-a) as part of a generalized pro-inflammatory response. The primary form of
the protein is secreted, but like SCF and FIt3L, an immobilized form that associates
with the extracellular matrix can be generated by alternative splicing [76]. LIF is not
normally detected in the serum, due to its sequestration by circulating soluble LIF
receptors. This serves to restrict LIFs action to local sites of production and helps
explain how such a pleiotropic factor can elicit unique responses in different organs
without simultaneous effects on other tissues.

As a single agent, LIF does not stimulate progenitors of any hematopoietic lin-
eage. In combination with other cytokines, LIF also has no effects on in vitro
colony-forming cells, with the exception of augmenting proliferation of murine
megakaryocytic progenitors stimulated with IL-3 [77] and late-stage myeloid pro-
genitors (CFU-GM, CFU-M) stimulated with IL-3, GM-CSF, M-CSF, and SCF [78].
However, addition of LIF to stromal cell-based cultures significantly improves the
maintenance of HSCs with competitive long-term in vivo repopulating ability [79].
LIF appears to act indirectly because alone it does not support the proliferation of
enriched HSCs in stroma-free cultures. Rather, LIF induces the expression of multi-
ple HGFs (IL-1, IL-2, and IL-6; G-CSF and GM-CSF; transforming growth factors;
SCF; and LIF itself), of which IL-6 and SCF have been shown to be able to substitute
for LIF in stimulating stem cell proliferation [79].

The first study of LIFs actions in vivo employed mice that were chronically
exposed to high levels by transplanting them with a LIF-producing hematopoi-
etic cell line. These animals died relatively rapidly of a syndrome characterized by
diverse hematopoietic and non-hematopoietic abnormalities, again highlighting the
pleiotropic nature of this molecule [80, 81]. In subsequent studies in which purified
recombinant protein was injected into mice to more carefully control the exposure
profile, LIF stimulated a rise in megakaryocyte and platelet numbers and a tenfold
increase in megakaryocytic progenitor cells in the spleen that peaked after 7-10 days
[82]. Notably, the half-life of injected LIF was extremely short (<1 h), most likely
due to clearance of the molecule by binding to circulating LIF receptors as described
above. LIF was studied intensively in mice and non-human primates to identify a
potential therapeutic use in HSC transplantation or amelioration of chemotherapy-
induced thrombocytopenia (CIT). It is worth remembering that at this time TPO
had only recently been cloned and studies to evaluate its clinical utility had not yet
been completed so the therapeutic value of other thrombopoietic agents was of great
interest. In non-myelosuppressed mice, as little as 0.2 pg/day rHuLIF increased
platelet counts, but at tenfold higher doses this was associated with remarkable
body weight loss. In carboplatin-treated mice, 4 pg/day rHuLIF beginning 24 h
after chemotherapy stimulated the recovery of platelet counts beginning on day 5
[83]. Recombinant HuLIF also stimulated the expansion of hematopoietic progeni-
tor cells in vivo and resulted in significantly faster recovery of circulating platelets
and leukocytes when BM from LIF-treated mice was transplanted into lethally irra-
diated syngeneic hosts [84]. In rhesus monkeys, rHuLIF dose-dependently increased
platelet counts with peak levels of ~twofold above normal observed on day 11 after
treatment [85]. This effect was similar to that elicited by rHulL-6, which was also
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being evaluated as a thrombopoietic drug at that time, but considerably less than
that obtained with rHuTPO. LIF did not induce changes in leukocyte counts or the
number of progenitor cells in the peripheral blood.

Recombinant HuLIF (emfilermin) was studied in a phase I clinical trial to
promote platelet recovery in patients with advanced cancer [86]. As observed pre-
viously in animals, the half-life of rHuLIF in humans was very short (1-5 h). Two
patients who were injected with 4 pg/kg rHuLIF three times daily for 7 days, but
who had not received chemotherapy or any other HGFs, exhibited >tenfold increases
in CFU-GM and BFU-E and a three or eightfold increase in CFU-Mk numbers in
the peripheral blood. Circulating platelet levels in these patients increased 1.5-fold
and 2-fold. The hematological actions of emfilermin were more apparent in the
chemotherapy setting where it was administered for 7 days beginning on the day
before or for 14 days beginning on the day after chemotherapy. In such patients,
platelets recovered to baseline levels earlier and the neutrophil nadir was less
severe at doses of >4 pg/kg/day of rHuLIF (Fig. 2.5) [86]. These modest hema-
tological effects were accompanied by dose-limiting toxicities of hypotension and
rigors. Clinical development of emfilermin has been halted so any potential future
therapeutic applications of rHuLIF await the outcome of ongoing research.
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Fig. 2.5 Exposure to IL-3 in vivo abrogates the re-transplantation potential of human hematopoi-
etic stem cells. Panel A: Human cord blood CD34* cells (10%/mouse) were transplanted into
immunodeficient NOD/SCID mice together with 5x 10° rat fibroblasts that were stably transfected
with either a control vector (Rat-1) or a vector containing the human IL-3 gene (Rat-IL-3). Injection
of the latter cells resulted in the presence of 3-5 ng/ml HulL-3 in the mouse peripheral blood. Six
to 9 weeks later the proportion of human cells (%HLA-I") of hematopoietic origin (%CD45%) in
the BM, and their contribution to T (CD2) and B (CD19) lymphoid, myeloid (CD14, CD33), and
stem/progenitor (CD34, CD38) cell compartments was determined by flow cytometry. The data
show that co-injection of IL-3-producing fibroblasts increased the level of human cell chimerism in
primary recipients. Panel B: Six weeks after primary transplantation, BM cells were re-transplanted
into secondary NOD/SCID mice (107/mouse) and the level of human cell engraftment observed 6-9
weeks later was analyzed as above. Despite the superior level of human cell engraftment observed
in primary mice containing Rat-IL-3 cells, this was not maintained in secondary animals, indicating
that HSCs were depleted during their prior exposure to IL-3 in vivo. Reproduced with permission
from Nitsche er al. Stem Cells. 2003;21:236-244
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Interleukin-3 (IL-3, Multi-CSF)

Murine interleukin IL-3 has the distinction of being the first hematopoietic cytokine
that was cloned (in 1984) [87], followed shortly thereafter by the cloning of human
IL-3 [88]. The 140 amino acid sequence of human and murine IL-3 is only 29%
identical and they exhibit no species cross-reactivity in their actions. As with most
HGFs, native IL-3 is glycosylated resulting in a molecular weight of the human fac-
tor of 23-30 kDa, but the carbohydrate component is not necessary for biological
activity. One of many names originally assigned to this cytokine was “multi-CSF”
because it exhibits an exceptionally broad range of proliferative effects on myeloid,
erythroid, and megakaryocytic progenitors, eosinophils, mast cells, and multipoten-
tial stem cells. Given this polyfunctionality, it was surprising that /L-3 knock-out
mice exhibit no abnormalities in steady-state hematopoiesis [89] but this provides
another example of the redundancy which characterizes many of the hematopoietic
regulators. IL-3 is produced by activated T cells and various stromal cell populations
such as monocytes/macrophages and mast cells in vitro. It is the primary component
of “conditioned medium” that was used by early experimental hematologists to stim-
ulate the proliferation of myeloid colony-forming cells before purified recombinant
HGFs were widely available. Because IL-3 has been available for study so long,
the literature describing its effects on hematopoietic cells is vast. Focusing here on
its early actions on HSCs simplifies the survey, but reveals striking contradictions in
the data as to whether IL-3 amplifies or depletes long-term hematopoietic repopulat-
ing ability [90]. Differences in the results of in vitro studies performed by different
laboratories depend largely on the presence of serum in the culture system, which
is generally (but not universally) deleterious to IL-3-stimulated HSC self-renewal.
In serum-free cultures of highly enriched human and murine HSCs, the addition of
IL-3 to optimized HGF cocktails can increase the yield of total cells and hematopoi-
etic progenitors by >tenfold and long-term repopulating HSCs by ~threefold [91].
However, this effect in vitro is completely eliminated by the addition of serum.
Definitive proof of the exhausting effect of IL-3 on long-term repopulating HSCs in
vivo was provided by Nitsche et al. [92] who transplanted human CD34* cord blood
cells into immunodeficient mice with or without a rat fibroblast cell line engineered
to express human IL-3. Mice co-transplanted with IL-3-expressing fibroblasts were
reconstituted to a higher level by human cells than mice injected with CD34" CB
cells alone. However, when BM from these primary recipients was re-transplanted
into secondary mice, human chimerism was virtually completely lost (Fig. 2.6),
indicating that repopulating HSCs were depleted during their residence in the pri-
mary hosts where they were exposed to high levels of IL-3. This effect on long-term
repopulating HSCs contrasts with that on more mature progenitor cells such as
spleen colony-forming units (CFU-S), which expand >25-fold in animals perfused
with IL-3 [93]. Expansion of the progenitor compartment is accompanied by mod-
erate increases in the number of circulating neutrophils, eosinophils, monocytes,
erythrocyte precursors, and particularly mast cells. This prompted investigation of
the use of IL-3 to enhance hematological recovery in humans.
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Fig. 2.6 Exposure to IL-3 in vivo abrogates the re-transplantation potential of human hematopoi-
etic stem cells. Panel a: Human cord blood CD34* cells (10°/mouse) were transplanted into
immunodeficient NOD/SCID mice together with 5 x 10° rat fibroblasts that were stably trans-
fected with either a control vector (Rat-1) or a vector containing the human /L-3 gene (Rat-IL-3).
Injection of the latter cells resulted in the presence of 3—5 ng/mL HulL-3 in the mouse peripheral
blood. Six to nine weeks later the proportion of human cells (%HLA-I") of hematopoietic origin
(%CD45") in the BM, and their contribution to T (CD2) and B (CD19) lymphoid, myeloid (CD14,
CD33), and stem/progenitor (CD34, CD38) cell compartments was determined by flow cytometry.
The data show that co-injection of IL-3-producing fibroblasts increased the level of human cell
chimerism in primary recipients. Panel b: Six weeks after primary transplantation, BM cells were
re-transplanted into secondary NOD/SCID mice (10”/mouse) and the level of human cell engraft-
ment observed 6-9 weeks later was analyzed as above. Despite the superior level of human cell
engraftment observed in primary mice containing Rat-IL-3 cells, this was not maintained in sec-
ondary animals, indicating that HSCs were depleted during their prior exposure to IL-3 in vivo.
Reproduced with permission from Ref. [92]

A broad clinical development program was conducted throughout the 1990s to
assess the therapeutic potential of human IL-3. Initial results of some phase I/I
trials were promising, indicating that subcutaneous administration of 5-10 pg/kg
rHulL-3 daily for 5-10 days in patients with various types of cancer either alone or
as an adjunct to stem cell transplantation reduced chemotherapy delays in dose-
intensive treatment regimens and induced faster regeneration of neutrophils and
platelets [94]. However, these early data were not supported by larger phase III stud-
ies of IL-3 alone or in combination with other cytokines (e.g. G-CSF, GM-CSF)
to enhance hematopoiesis following cancer therapy or in patients with myelodys-
plastic syndrome (MDS). This experience precipitated a period of particularly
innovative research to produce novel synthetic cytokines that exhibited greater bio-
logical activity than native IL-3 but with fewer inflammatory side effects [94].
Thus were created Synthokine (SC-55494 or daniplestim), a potent IL-3 recep-
tor agonist [95], and an array of hybrid factors wherein the /L-3 gene was fused
to genes encoding GM-CSF (PIXY321 or Pixykine) [96], G-CSF (Myelopoietin
[MPO] or Leridistim) [97], TPO (Promegapoietin-1 or PMP) [98], or insulin-like
growth factor (compound 406) [99]. These too were evaluated in vitro for their abil-
ity to increase the expansion of myeloid and megakaryocytic progenitor cells, in
vivo in non-human primates and humans for their ability to mobilize hematopoietic
stem/progenitor cells for transplantation, and as supportive care agents to promote
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hematological reconstitution following chemotherapy or radiation-induced myelo-
suppression. Many proved moderately effective but were ultimately abandoned in
favor of r-metHuG-CSF (filgrastim, NEUPOGEN®), rHuGM-CSF (sargramostim,
LEUKINE®), and rHuEPO (epoetin alfa, EPOGEN®), which exhibited more
desirable pharmacodynamic properties as discussed elsewhere in this volume and
which have now been used in millions of patients for the treatment of neutropenia
and anemia.

Summary

From the first studies demonstrating that certain HGFs exhibit early actions that
reach to the apex of the hematopoietic hierarchy, and exemplified by the naming of
c-kit ligand as “stem cell factor,” scientists and clinicians have had high hopes for
the therapeutic value of early-acting hematopoietins. It is therefore notable that 25
years after the discovery of the first cytokine with demonstrated actions on HSCs,
none have proven to be revolutionizing medicines despite some utility as potentia-
tors of the action of later-acting lineage-specific growth factors. This lack of clinical
and commercial success underscores the reality that patients with cancer, MDS,
and congenital or treatment-related cytopenias do not in fact succumb to their dis-
eases because they harbor inadequate numbers of HSCs, even though the genetic
lesion that led to disease may have in some cases originated in this cell compart-
ment. Rather, patients die because of functional or quantitative deficiencies in the
end products of stem cell proliferation and differentiation, namely mature erythro-
cytes, granulocytes, and platelets. Thus it is the HGFs that drive these later stages
of hematopoiesis that have proven more clinically useful. Defective stem cell self-
renewal is not in itself a terminal condition though molecules that enhance HSC
replication without simultaneous differentiation may eventually find utility in niche
therapies such as ex vivo expansion. Even for these applications, various intracel-
lular signaling proteins and stem cell transcription factors (e.g., Wnt 3A, HOXB4)
that have now been expressed in stable form and used as soluble factors have proven
more effective than conventional early-acting HGFs, at least in an experimental set-
ting. This is certainly not to imply that the early-acting HGFs are uninteresting or
not worthy of additional study. LIF is critical for the maintenance of embryonic
stem cell lines in vitro and will continue to play an important albeit supportive role
in the burgeoning field of stem cell therapy and tissue engineering. In the nascent
discipline of immunotherapy, FIt3L remains untested in humans under optimal con-
ditions in which it is employed together with dendritic cell maturation factors.
Finally, novel mpl ligands such as Nplate® (romiplostim) and Promacta® (eltrom-
bopag), a non-peptidyl molecule, have also only recently been approved and these
agents may, like TPO, activate key transcriptional and developmental pathways in
early stem cells. Thus in many ways the potential utility of the early-acting factors
is just beginning to be explored as the field of stem cell biology reaches its zenith —
the next decade may yield interesting surprises.
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