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ABBREVIATIONS

ADP adenosine diphosphate

APTT activated partial thromboplastin time
BFU-E burst-forming unit-erythroid

BFEU-Meg burst-forming unit-megakaryocyte

BM bone marrow

BSA bovine serurn albumin

Cb cluster of differentiation

CFU-E colony-forming unit-erythrocyte
CFU-Meg colony-forming unit-megakaryocyte
CFU-S§-13 colony-forming unit-spleen day 13
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ELISA enzyme-linked immunosorbent assay
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G-CSF granuiocyte colony stimulating factor
GM-CFU granulocyte/macropiiage colony forming unit
GM-CSF granulocyte/macrophage colony stimulating factor
HEN HHBS containing FCS and sodium azide
HHBS Hanks’ buffered Hepes solution

HIV human immunodeficiency virus

HLA human lymphocyte antigen

IL interleukin

P intraperitoneally

ITP idiopathic thrombocytopenic purpura
Iv intravenously

kD kilo dalton

KL kit ligand

LDH factate dehydrogenase

LIF leukemia inhibitory factor

mAb monaoclonal antibody

MDS myelodysplastic syndrome

MEM minimeim essential medium

MGDF megakaryocyte growth and development factor
mpl mycloproliferative leukemia

MRA maiTow repopulating ability

mRNA messenger ribonucleic acid

PB peripheral blood
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1.1 HEMATOPOIESIS

Peripheral blood cells are in majority short lived and exert a whole specttum of actions,
ranging from the fransport of oxygen and carbon dioxide to the production of highly
specific immunoglobulins targeted at antigens. The system is very adaptive and
substantially increased nmumbers of cells can be produced after, for example, major losses
of blood, or in response to infections.

Peripheral blood cells originate from a smalt population of bone marrow progenitor cells,
together approximately 1.5 % of all bone marrow cells, which are morphologically nearly
identical and share the expression of the CD34 antigen. (i) These cells all derive from an
even smatler population of hemopoietic stem cells, which have the potential to self renew
and are mullipotent. (2) Most of the stem cells in the bone marrow do not actively
participate in blood cell formation but remain in a quiescent state. The process from the
hemopoietic stem cell to mature peripheral blood cells and several specific tissue cells,
termed hematopoiesis, takes approximately 20 to 30 cell divisions, through which cells
become increasingly more speciatized. This whole process is tightly controlled by
hormone like proteins, the hemopoietic growth factors or cytokines, in combination with
environmental influences conducted by stromal cells and direct cell-cell contact. (2,3)
Many cytokines have become known in the last 20 years, and new cytokines and
cylokine receptors are still being identified.

Immature celis in the bone marow are positive for the CD34 antigen. This
transmembrane glycoprotein was identified in 1984. (1) It is expressed on early
hemopoietic progenitor cells (1) and on vascular endothelium in almost any organ. (4) Its
function in hematopoiesis is as yet unknown. (3) Since CD34 expressed on endothelial
cells has a function in leukocyte adhesion during inflammation, where it serves as the
ligand for the adhesion molecule L-selectin on lymphocytes (6), it has been proposed
that CD34 expressed on hemopoietic progenitor cells plays a role in progenitor cell
adhesion in the bone marrow. However, mice deficient in CD34 expression have a
normal hematopoietic system and do not display defective adhesion of hemopoietic
progenitor cells and a stromal cell line in vitro, (7) The only abnormality found in these
mice is an impairment of cosinophil accumulation in the lung after inhalation of an
allergen. (7}

Although CD34 has apparently no functional significance for hemopoietic stem cells, its
unique distribution pattern makes it a useful marker to select for immature cells, including
stem cells. Transplantation experiments with CD34 negative cells showed that long term
repopulating cells, which contain the presumed stem cells, are all CD34 positive, since
depleting such cells from a bone marrow graft results in severe impairment of
cngraftment in experimental animals, (8,9) Several monoclonal antibodies against
different epitopes of the CD34 antigen have been widely used for experimental
applications such as cell sorting. (5,10)
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12 MEGAKARYOCYTOPOIESIS

The production of blood platelets from the hemopoietic stem cell through
megakaryocyte precursors is termed megakaryocytopoiesis. Platelets are anucleate cells
circulating in the peripheral blood that play an active part in hemostasis. Normal platelet
counts in humans are 200-400 x 10%1. and platelet life span is approximately & days.
Assuming a total blood volume of 5 liter (so a total platelet mass of approximately 1500 x
10°, in a steady stale situation each day the large number of 10" new platelets arc
formed. This probably is an underestimate because it does not account for the bone
marrow pool of platelets, which has not been quantified. Platelets arc released from
megakaryocytes, rare cells in the bone marrow, although they compensate for small
numbers by large size. This large size is due to the last phase of megakaryocyfe
production in which no further mitoses take place but instead the complex process of
endoreplication occwrs, during which the nuclei duplicate repeatedly, but the cells do
not divide. Megakaryocytes are the product of their more immature progenitor cells
which ultimately are all derived from the hemopoietic stem celt, (11-13)

The process of megakaryocyte production and platelet formation has long been difficult
to study in vitro, because of the low frequency of megakaryocytes in the bone marrow
and the lack of a proper identifation of early stages of megakaryocyte progenitors,
which are difficult to recognize morphologically. Furthermore, in vitro analysis has been
hampered by the lack of a purified cytokine that regulates megakaryocytopoiesis, A
specific regulator for megakaryocytopoieses has been postulated as far back as 1958
{14}, and could indeed be demonstrated in serum and urine of thrombocytopenic patients
and animals. (15,16) Injection of this serum in normal experimental animals induced a
thrombocytosis that was inversely related to the degree of thrombocytopenia in the
donor. However, it proved to be very difficult to purify this substance, due to its minute
concentrations.

megakaryo-  megakaryocyte platelets

7l 1:'0 170 CFU-Meg
S]LCF GM-CSF
-6 BFU-EAeg L3

hemato- CEU-GEMM 1:N

poietic SCE
stem cell TPe
CFU-E  preerythro- normoblast  reliculocyle red cells
blas(
meeew prOgeNitor cells Bz wileoorecoghizable ..
(CD34 positive) precisors

Figure 1. Schematic representation of hematopoietic stem cell differentiation into platelets and red
blood cells
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Assays to study megakaryocytopoiesis have been developed using sernm from
thrombocytopenic or aplastic donors. (17-19) Cell were grown on various semisolid or
viscous media and interlaboratory comparison and standardization of the assays was
difficult. However, the results were encouraging in that gradually the process of
megakaryocyte development was clarified. The nomenclature for this process is similar to
that used for describing the proliferation and maturation of the erythroid lineage (Fig 1).
In fact, many similarities exist between the erythrocytic and megakaryocytic lineage. The
two lineages share common transcription factors (20,21) and both express several surface
antigens that are similar. (22,23) It has been postulated that a common precursor cell
exists (24,25), and BFU-E colonies often contain megakaryocyles. (26)

The first cell in the megakaryocytic lineage that is identified by colony assays has been
labeled burst forming unit-megakaryocyte (BFU-Meg). (27-29) Human colonies derived
from this cell type require 21 days in culture to develop and are composed of multiple
clusters of megakaryocytic cells which often number in the hundreds. This celtular
entitiy is the precursor of the colony forming unit megakaryocyte (CFU-Meg), which is
more mature, and gives rise to single chuster colonies in 10 to 12 days. (28,29 Early and
late stages of CFU-meg differ in the number of cells per colony. Not identifiable by
colony assays, but present in bope mamow as phenotypically or morphologically
recognizable cells are the megakaryoblast and the megakaryocytes themselves. (30)
These cells have lost the capacity to proliferate. Megakaryoblasts express the membrane
markers Gplb and GpiIb/Iila on the cell suzface (31-33) and start endoreplication (34-36),
a process unique to the megakaryocyte lineage. Megakaryocytes are large polyploid
cells (37) which in the last stage of development devetop demarkation membranes and
complete cytoplasmic maturation. As a final step, functional circulating platelets are
released from proplatelets formed in the demarcation membrane area of megakaryocytes,
(38-42)

1.2.1 CYTOKINES INVOLVED IN MEGAKARYOCYTOFPOIESIS

The cytokines influencing hematopoiesis can be subdivided in different classes, eatly
acting cytokines, lineage restricted cytokines that act relatively late in the development
of their mature end cell, and a pleiotropic class of cytokines, which influence more than
one lineage or act at other stages in the development of blood cells as well. (3) Apart
from such an empirical classification, one may also classify the growth factors based on
their genetic relationship and/or growth factor receptor type. The latter classification
would seem to be the more appropriate, since the target cell range of the growth factors
and the resulting biological effects are strictly determined by the receptor distribution.
Some growth factor receptors have a broad distribution pattern and, consequently the
action of the ligand is pleiotropic, others have a more restricted receptor distribution and
are as a consequence highly specialized.
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In megakaryocytopoiesis, it is thought that a Meg-CSF stimulates the early proliferative
events, and a maturation factor enhances colony formation by stimulating cytoplasmic
maturation. (43,44) Growth factors that in the past two decades have been shown to
affect megakaryocytopoiesis are IL-1¢. (45,46}, [L-3 (47-50), 1L-6 (51-53), 1L-11 (54,55),
GM-CSF (48-50,56), EPO (57-60), SCF (61,62), LIF (63,64) and Oncostatin M. (65)
Although, for example, IL-3, SCF and GM-CSF stimulate megakaryocyte progenitor
proliferation, and IL-6, 1L-11, LIF and EPO influence megakarycyte maturation, none of
those cytokines were demonstrated to be similar to the megakaryocytopoietic activity
found in aplastic sera. The identification of thrombopoietin and the cloning of its gene
filled the gap of a physiclogic regulator of platelet production.

1.3 THROMBOPOIETIN

The existence of a cytokine specific for the megakaryocyte lineage had been postulated
for decades. In 1958 Kelemen and coworkers first proposed the term thrombopoietin, on
the analogy of erythropoietin, for the protein present in the plasma and urine of
thrombocytopenic animals. (14) Although many cytokines were shown to influence
megakaryocytopoiesis, none of them had all the atteibutes of the activity found in plasma
from thrombocytopenic subjects, and complied with the characteristics of a physiologic
regulator of platelet production. Efforts to purify the substance were initially
unsuccessful. The discovery of Francoise Wendling and coworkers of a murine
retrovirues that led to myeloproliferative leukemia (MPLV; myeloproliferative leukemia
virus) in mice {1986)(66) and the subsequent cloning of a cellular homolog c-mp! that
proved to be an orphan cytokine receptor {1992)(67), were of decisive importance for
the discovery of the nature of thrombopoietin. The cellular variant of this virus, the
oncogene ¢-mpl, was found to be expressed throughout the megakaryocytic lineage in
the bone marrow, while antisense deoxynucleotides to c-mp/ blocked CFlUi-meg colony
growth (68), suggesting an important role in the regulation of megakaryocytopoiesis.
Several groups cloned the gene encoding the ligand for this receptor simultaneously (69-
7%, and named it either thrombopoietin, megakaryocyte growth and development factor
or megapoietin, In this thesis only thrombopoietin (TPO) will be used to refer to the
recombinant mpl ligand, Mass production of the recombinant protein enabled an early
start of preclinical experiments.

1.3.1 STRUCTURE OF TPO
Thrombopoietin is a glycoprotein, with a highly conserved amino acid sequence. (70)

The gene for human thrombopoietin is located on chromosome 3q27-28 and consists of
6 exons. (74-76) Human TPO consists of 332 amino acids, and is in structure closely
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related Lo erythropoietin (23% aniino acid identity and 50% similarity) (Fig 2). (70,74) lts
functional domain is the amino terminal part of 153 amino acids (70), where four highly
conserved cysteines form two disulfide bridges which are both required for functional
activity, (77) The amino and carboxy terminal regions are separated by a potential Arg-
Arg cleavage site at position 153 that is conserved among species. (69,70,74) The
carboxy terminal domain contains six potential N-linked glycosylation sites (69,70) and
probably has a function in stabilization of the molecule.

I

Figure 2. Schematic structures of TPO and EPO. The black boxes represent secretory leader
sequences, the shaded boxes o helical segments, *: N-linked glycosylation sites, RR: two arginine
residues at position 153-154.

The predicted molecular weight for the non glycosylated molecule is 35-38 kD (69,74),
whereas immunoprecipitation of native material from the liver revealed a kD of 68 to 85
(74), indicating that indeed the molecule is heavily glycosylated. However, native TPO
from plasma sources is smaller than 60 kD, varying from 18 to 36.7 in various species.
{70-73,78) TPO isolated from rat hepatoma cell supernatants is also heterogenous in size,
ranging from 17-43 kD. (79)

Isoforms of a protein can be created through alternative splicing or proteolysis.
Alternatively spliced isoforms of TPO are found in the kidney, termed TPO2, (74), fetal
liver (80), and mouse bone marrow. (77) The different forms of TPO arise from the use of
alternative splice acceptor sites. However, agonist activity was not observed with the
variant form of TPO in the Ba/F3-mpl profiferation assay (74,77), and immunoprecipitation
experiments suggest that TPO2 is poorly secreted. (74)

Seleclive proteolysis of TPO by purified thrombin has been described as well (81), which
also may account for some of the naturally occuring variants of TPO. This mechanism
could play a role in the degradation of the molecule.

TPO mRNA has been demonstrated in fetal and adult liver and the kidney, which are the
major places of thrombopoietin production. (69,70,76) The TPO producing cells in the
liver are the hepatocytes. (79,82) Furthermore, TPO mRNA has been demonstrated in
skeletal muscle (69,79,83,84), spleen (76,79,84), bone marrow stromal cells (82,85,86), brain
and inlestine, (79,84)
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1.3.2 REGULATION OF TPO LEVELS

Levels of the humoral physiologic regulator of platelet production need to be adjusted
according to the need for new thrombocytes, resulting in an inverse correlation between
thrombocyte counts and cytokine levels. Long before the gene for TPO was cloned, it
was demonstrated that the thrombopoietic activity present in serum, plasma and urine
from thrombocytopenic animals and patients was inversely related to platelet counts.
(16,87,88)

Increased levels of a protein can be achieved either by an increase in production rate or
by a decreasc in clearance or degradation, resulting in an increased half life.
Upregulation of TPO mRNA levels as a measure of increased production, has been
investigated in the liver, kidney and spleen of animals made thrombocytopenic by anti-
platelet antiserum or chemotherapy (84,89-91), and in thrombocytopenic c-mpl -/- mice
(92) that display high levels of TPO. (93) An upregulation of TPO mRNA has however
not been found (84,89,90,93), with the possible exeption of an increase of bone marrow
TPO transcription. (91) The significance of the latter observation is not clear, since the
authors did not take into account the altered bone marrow cellularity after cytoreductive
treatment.

O
Oo Y
OOO OOOO — ©
““o
R
0 o
liver and kidney  TPO circulating TPO bone marrow new
platelets megakaryocytes platelets

Figure 3. Schematic diagram of the regulation of TPQO levels. The liver and kidney produce constant
amounts of TPO. In steady state hematopoiesis (upper part of the figure)} circulating platelets bind
most of the TPO and the resulting plasma levels are sufficient for the production of normal numbers
of new platelets. In the case of thrombocytopenia {lower part of the figure) plasma TPO levels will
rise and cause increased numbers of megakaryocyte (progenitors) and higher ploidy values, resuiting
in increased thrombocyte production,

It is thought that the level of TPO is mainly regulated by the total mass of platelets and
megakaryocytes, through a receptor mediated clearance mechanism (Fig 3). Platelets and
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megakaryocytes both express the TPO receptor, and an excess of TPO in the plasma can
be bound, internalised and degraded. (92,94) Isolated mouse platelets are able to reduce
TPO levels in plasma in a dose dependent way. (90,92,95) Platelets from c-mpl -/~ mice
could not bind and internalize 'E-TPO, resulting in a slower clearance of injected TPO in
those mice. (92}

Apart from platelets, megakaryocytes also play a role in regulating TPO tevels. This can
be deduced from differences in TPO levels between amegakaryocytic thrombocytopenic
patients, who have high TPO levels (96,57), and patients with ITP, whose TPO levels are
close to normal. (97) Also NF-E2 knockout mice, which have no thrombocytes due to a
defect in cytoplasmic platelet formation in megakaryocytes, do not have elevated TPO
levels (98), and the clearance iime of radiolabeled TPO from the circulation is not
prolonged. (99)

The current concept of a constitutive production of TPO, its plasma levels being
regulated by binding to c-mpl on megakaryocytes and platelets and subsequent
degradation after internalization, would seem to be appropriate to explain vatiations in
TPO levels in various discase states and may serve as a useful working hypothesis to
explain the pharmacokinetics of exogencus TPO.

1.3.3 RECEPTOR AND SIGNAL TRANSDUCTION

c-mpl

Analysis of the structure of c-mp! indicated that it belonged to the hemopoietic growth
factor receptor superfamily (Fig 4}. (67,100,101) The members of this superfamily share
certain structural features in the extra-cellufar domain, such as 4 cysteine residues in the
N terminus, and a WSXWS motif just above the transmembrane portion. The
intracytoplasmic regions of these cytokine receptors lack any known signal transduction
motil such as a tyrosine, or a serine/threonine kinase domain but contains two regions of
partial sequence homology, termed box 1 and box 2.{102) They are formed in a double
barrel, each barrel is result of antiparallel B-sandwiches. (103) This receptor family is very
large and consists of the receptors for a number of interleukins, the colony stimulating
faciors, erythropoietin, leukernia inhibitory factor and a few non-hemopoietic cytokines
such as oncostatin M, prolactin, growth hormone and ciliary neurotrophic factor. Some
of the receptors homodimerize after ligand binding, others require association of a signal
transducing P-chain, which may be shared by several members within the family.
Expression of the TPO receptor has been demonstrated on cells in the megakaryocytic
lineage, from precursors to the final product, thrombocytes. (68,101,104) The TPO
receptor on human platelets displays a high affinity for TPO with a kD of 190 pmol/;
there are approximately 30 receplorslplatelet'. (105,106) In normal mouse platelets an
approximate receptor affinity of 560 pmol/L. was found and Scatchard analysis suggests
220 binding sites per platelet. (92)
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[L WSX WSI ) c-mpl

SS HRD-1 HRD-2 TM Cytoplasmic domain

Figure 4. Schematic structure of c-mpl. 88 = signal sequence, HRD = haemopoietin receptor domain,
WS = WSXWS motif, TM = transmembrane region, |=cysteine residue and the thick black lines in the
cytoplasmic domain are box 1 and 2 respectively.

TPO receptors are also found on multipotential murine cell lines (101) and on immature
human and murine bone matrrow cells. (68,107,108) Other cells which express the TPO
receplor are endothelial cells. (68,100,109}

The TPO receptor is detected on human BFU-E colonies by RT-PCR and flow
cytometry. (106) Those receptors are few in number but display a high affinity. Cross
competition with erythropoietin could not be demonstrated in assays using Ba/F3 cells
expressing the TPO receptor. (106) These results suggest that the stimulatory effects of
TPO on red blood cell recovery after myelosuppressive therapy in vivo and to enhance
BFU-E generation in vitro {as discussed later) are directly mediated by c-mp! on
erythroid progenitor cells.

Signal transduction

Binding of TPO to c-mpl leads (o its homodimerization (110), which initiates downstream
activation of the receptor. (101,111} The cytoplasinic domains of receptors transduce
signals along pathways of successive second messengers ultimately culminating in gene
activation and transcription.

Deletion analysis of the intracellular domain of c-mp! showed that the 63 wmino acids
proximal fo the transmembrane domain, containing box ! and box 2 motifs, are
responsible for proliferation, whereas the C-terminal domain was not necessary for this
activity. (£12,113) This induction of proliferation by the membrane proximal part of the
receptor is mediated through activation of the JAK-STAT pathway. (112) The tyrosine
kinases involved in signal transduction of the TPO receptor arc JAKZ and Tyk2.
(112,114-118) The STAT proteins activated by TPO were shown to be STATI, STAT3 and
STATS. (112,116-118)

In similar experiments the C-terminal 33 amino acids were shown to be necessary for
differentiation and not for proliferation. (119) The C-terminal part of the receptor is
necessary She phosphorylation and the association of She with Grb2. (112,114,119,120)
Thus activation of components of the Ras signalling cascade, initiated by interaction of
She with c-mpl, may play a decisive role in differentiation signals emanating from the
receptor. (112,119)
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Platelet function

Expression of the TPO receptor on a-nuclear cells such as thrombocytes might indicate
that TPO serves functions beyond the maturation of the megakaryocyte lineage. One of
these functions is regulation of TP levels, but another function could be modulation of
hemostatic properties of platelets, through receptor mediated influences on platelet
aggregation.

An effect of TPO on thrombocyte aggregation in platelet rich plasma or whole blood has
indeed been demonstrated by several groups. On itself TPO does not influence
aggregation of platelets, but when added to other agenists such as ADP, EFI, fibrinogen
and thrombin, it rendered platelets more sensitive to aggregation, Addition of soluble c-
mpl inhibited this priming effect, indicating a direct effect of TPO through receptor
mediated mechanisms. This receptor-mediated effect of TPO on platelet aggregation is
also suggested by the tyrosine phoshorylation of several platetet proteins, including the
85 kD subunit of phosphatidylinositol 3-kinase {PI 3-K) upon treatment of platelets with
TPO. (12i-124) The precise mechanism of TPO enhanced aggregation of platelets, and the
physiologic implications of these observations are as yet not clear. It is important to note
that thrombotic events after the administration of TPO have not been reported in specific
animal models, (125,126)

1.3.4 IN VITRO ACTIVITY OF TPO

Contrary to the idea that megakaryocytopoiesis needed a Meg-CSF, which acts on
progenitors inducing their proliferation, and a maturation factor, inducing platelet
formation (28,44,127-129), TPO fulfilled the postulate of both the proliferation and
maturation inductive activity. TPO influences cells at several maturation stages of
megakaryocytopoiesis, and was shown to increase megakaryocylte size, polyploidization,
expression of differentiation markers and formation of CFU-Mk on its own. (69-71,130-
134) Using limiting dilution assays or single cell cultures, it was demonstrated that
accessory cells were not necessary (o obtain this effect (134-136), and serum free culture
assays showed that it was indcpendent of other factors present in sernm. (133,134,136-
138)

Adding TPO to BM megakaryocytes did not induce secretion of other cytokines such as
IL-1 ¢ and B, GM-CSE, IL-6, G-CSF, TNFg and TGF-f 1 or 2. (133) The expression of
adhesion molecules on megakaryocyies did not change when TPO was added to the
cultures. Furthermore, antibodies neutralizing IL-3, GM-CSF, IL-1 and ILI! did not
influgnce TPO activity. (133)

Apart from prominently stimulating in vitro megakaryocytopoiesis, TPO also stimulates
multilineage outgrowth of early murine (107,133,135,139-142) and human (136,143-145)
hematopoietic progenitor cells, limited in the presence of TPO alone, but greatly in
synergy with SCF and IL-3. Also, TPO suppresses apoptosis of immature cells. (146-149)
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Other cells on which TPO was shown to be effective are cells from the erytroid lineage.
Adding TPO to EPO containing cultures results in increased numbers of BFU-E.
(106,136,145,150-152) This was not fully unexpected, since the erythroid and
megakaryocyte progenitor cells probably have a common bipotential precursor (24-26),
and they share a number of transcription factors (20,21) and cell surface proteins.(22,23)

1.3.5IN VIVO ACTIVITY OF TPO

In the initial studies TPO proved to be a potent stimulator of in vivo thrombocytopoiesis
in mice doring rebound thrombocytosis. (70) IP injection into normal mice resulted in a
fourfold increase in circulating platelet levels after 7 days. (131) This was very well
illustrated by an enlarged buffy coat in hematocrit tubes, existing primarily of platelets.
(69) Concurrently, an increased namber of megakaryocytes with higher ploidy values
was found in bone marrow and spleen. (131) Evidence exists that under certain
conditions TPO, when applied in vivo will affect not only megakaryocytopoiesis and
platelet fevels but also erythropoiesis and immature cells.

Another approach to evaluate the function of TPO in vivo was to generate mice
deficient for the receptor c-mpl (93,153-155), or for TPO. (153,156) c-Mpl -/- mice show an
85% decrease in the number of megakaryocytes and circulating platelet levels and also
show increased concentrations of circulating TPO. (93) Peripheral biood cell counts of
other hematologic lineages were not affected. (93,153) Interestingly, in both ¢-mpl -/- and
TPO -/- mice the levels of granulocyte, erythroid and multilineage progenitor cells in the
bone marrow were reduced, which might indicate that TPO plays a physiolocigal role in
the maintainance of immature multilineage cells. (153,154)

1.4 RATIONALE OF THE STUDY

Thrombocytopenia is a major adverse effect of curent chemotherapy regimens. Also
after allogeneic and autologous bone marrow or stem cell transplantation, prolonged
periods of thrombocytopenia may present prominent problems. This results in
considerable morbidity, the need of intensive platelet transfusion support as hemorrhagic
profylaxis, and in case of refractoriness o transfusions, mortality. Thrombopoietin, if
effective, could reduce the duration and severity of thrombocytopenias.

The in vitro activities and the first in vivo effects of TPO in mice were encouraging.
However, lo define possible therapeutic applications, & critical evaluation in preclinical
studies is required to define dose and dose schedule for optimal efficacy, predict
ieractions with other growth factors and detect possible adverse effects.

In this study, rhesus monkeys were used as a preclinical model to evaluate the biological
cffects and define possible therapeutic applications of recombinant TPO in conditions
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that may be clinically relevant. TPO was administered to animals subjected to 5 Gy total
body irradiation to evaluate its efficacy in mitigating the thrombocytopenia induced by
cytoreductive therapy. Five Gy TBI results in approximately two log stem cell kill and a
period of three weeks of profound pancytopenia. Placebo treated monkeys need on
average 2 to 3 thrombocyte transfusions to prevent spontancous bleeding. A
combination of TPO and the myeloid growth factor G-CSF was also tested, since it is not
unlikely that TPO will be combined with this cytckine that is already in clinical use.
According to our experiences the initial dose schedules appeared supraoptimal, so that a
substantial dose reduction of TPO could be achieved. In an extension of the study a
single dose of TPO was administered, in combination with another registered myeloid
growth factor GM-CSF. To evaluate the efficacy after bone marrow transplantation, TPO
was administered to rhesus monkeys subjected to 8§ Gy TBI and autologous purified
stem cell transplantation, alone and in combination with G-CSF. To elucidate the
background of the multilineage effect of TPO, and to adjust dose and dose schedule to
achieve a maximum effect, additional experiments were carried out in myelosuppressed
mice.
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Abstract

Simuoltanecus treatment with hiurnan thrembopeietin (TPO)
and granulocyte colony-stimufating factor (G-C5F) was evalu-
ated in a placebo-controlled rhesus monkey study using 5 Gy
total body irradiation (IBI) to induce 3 weeks of pancytope-
nia. Daily administration of TPO {10 yg/kg/day injected sub-
cutaneously [sc] days 1-21 after TBI) promoted platelet and
reticulocyte recovery, resulting in less profound padirs and a
rapid recovery to normal Jevels. Platelet transfusions were not
required in these animals, in contrast to contrals, and
hemoglobin levels stabilized rapldly. TPO treaument did not
influence neutrophil counts. G-CS5F (5 pp/ka/day sc days
1-21} stimulated neutrophil regeneration and had no effect
on platelet levels. Simultaneous treatment with TPO and G-
CSF was as effective as treatment with TPO alene in prevent-
ing thrombocytopenia, although with the former regimen
platelet levels did not rise to the supranormal levels seen with
the latter. Neutrophil recovery was greatly augmented com-
pared with G-CSF treatment alone. resulting in a less pro-
found nadir and a recovery that started much earlier, as did
monacyte. CDiibh*, CDI&', and CD5§" cell reconstitution. In
addition. TPO strongly promoted the recovery of bone mar-
row cellularity and granulocyte/macrophage and erythroid
progenitor cells: The number of bone marrow CD34" cells was
greater by two orders of magnitude in TPO-treated animals
than in contrals in the second week of treatment. whereas G-
CSF by itsell had no influence. In the third week after TBl an
elevation of LDH1 values was observed in TPO-treated mon-
keys concurrent with normoblastosis; both of these findings
were altrituted 1o rapid erythropoiesis. TPO had na effect on
hiemostasis parameters. Adverse TPO and/or G-CSF effects
were not observed. This study demonstrates that simultane.
ous TPQ 2ng G-CSF treatment after cytoreductive reatment
prevents thrombecylopenta, accelerates platelet and red cell
reconsiitudion, alleviates neutropenia. and pramotes the
recovery of immature bone marrow celis. The effect on CD34°
Gl progenizor cells may explain the avgmented G-CSF

responses in TPO-treated monkeys; it also suggests that TPO
may become a key growth factor in the design of weatmem
regimens to accelerate both immature bone marrow and
mature blood cell reconstitution after cyicreductive therapy.

Key words: Thrombopoietin—-Myelosuppression
-~Granulocyte colony-stimulating factor
—Total body irradiation—Rhesus mankeys

Introduction

Thrombopoietin {TFO), the ligand for the receptor encoded
by the proteoncogene ¢-mpl, was firts identified and its gene
cloned in 1994 [1-3]. Because its blood levels are inversely
related to platelet counts [I-3], and because mice lacking
either the receptor for TPO or the ligand are severely throm.
bocytepenic [4,5]. TPO is considered the major regulator of
platelet production. Administration of recombinant TPO 10
experimental animals showed it to be a potent thrombopolet
ic agent. In normal dee, platelet counts rose more than four
fold after a 5-day administration of TPO without affecting
other blood lineages 13,6]. In normat rhesus monkeys, plateler
counts increased to supranormal levels in a dose-dependent
magner after TPO administration for 9 days {7]. Neither red
nor white blood cell counts were affected, indicating that
TPO's activity is selective. TPO has also been showa to be
effective in myelosuppressed mice [6.8-10), After a single dose
of carboplatin. thrombocytopenia was counteracted by TPO
in a dose-dependent manner {61, In an extended protocol
using catboplatin and frradiation as myelosuppressive therapy
together with a combination of TPO and G-CSF jn mice, the
combined treatment fuliy prevented moriality associated with
bleeding, although it had no effect an platelet nadir [9]. In a
similar mode! 18], stimulation of the red cell neage was also
observed. Stimulation of progenitor cell recovery has also
been reported in mice after myelosuppressive treatment. In
animals treated with TPO. 10-fold higher numbers of mega
karyocyte, ervthroid. and granulocyie/macrophige progenitor
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cells were observed in femur and spleen midway through the
platetet recovery period in control animals {H)]. TPO was not
effective after myeloablative treatment and bone marrow
transplantation [11] in a syngeneic mouse medel, whereas
marrow from TPQO-pretreated donors in the same study
showed an augmented regeneration of platelet numbers.

The pharmaceutical development of TPO to counteract the
adverse effects of bone marrow suppresston and thrombocyto-
penla in patients subjected o cytoreductive therapy requires
preclinical feasibility and efficacy studies in outbred nonhu-
man primates. Because it is anticipated tirat TPO wili be used
in conjunction with other growth factors that accelerate
white cell reconstitution, rhesus monkeys were treated with
TPO and G-CSF in the present study |12-16], The monkeys
were subjected to 5 Gy {x-ray} total body irradiation (TBI} to
induce myelosuppression, resulting in stem cell reduction of
approximately two orders of magnitude and 3 weeks of pro-
found pancytopenia, under full supportive care. In addition
to blood cell parameters, immature bone marrew cell regener-
ation was monitored by analysis of CD34" cells [17]} and
clonogenic progenitor cell assays.

Materials and methods

Animals

For the present study, purpose-bred male rhesus monkeys
(Marara mulalta}, each welghing 2.5 to 4.0 kilograms and aged
2 to 3 years old, were used. The monkeys were housed in
groups of four to six in stainless steel cages in rooms equipped
with a reverse filtered air barrier. provided with normal day-
light rhythm, and conditioned to 20°C with a relative humildi-
ty of 70%. Animals were piven free access 10 commercially
avallable primate chow. fresh fruits, and acidified drinking
water, All animals were free of intestinal parasites and seroneg-
ative for herpes B. simiat T-lymphotrophic viruses (STLV), and
simian jmmunodefictency virus (SIV). Housing. experiments,
and all other conditions were approved by an ethics commit-
tee in conformity with tegal regulations in The Netherlands.

Total body irradiation

Monkeys received a single dose of 5 Gy TBI delivered by two
opposing X-ray generalors, operating at a tube voltage of 300
kV and a current of 10 mA. The haif-layer thickness was 3 mm
Cu. The locus skin distance was 0.8 m and the average dose
rate 0.20 to 0.22 Gy/minute. During TBI. the anlmals were
placed In 2 eylindrical polycarbonate cage that rotated stowly
(3 tirmes per minute) around its vertical axis.

Supportive care

Two weeks before TBI, the monkeys were placed in a lamirar
flow cabinet and their gastrointestinal tracts were selectively
decontaminated by oral administration of ciprofloxacin
(Bayer, Mijdrecht, The Netherlands), nystatin (Sanofi BV,
Maassluis, The Netherlands), and polymyxin B (Plizer, New
York, NY}. This regimen was supplemented with systemic
antibiotic medicatlon when leukocyte counts dropped below
10%L: in most cases 1he antibiotic regimen, guided by lecal
bacteriograms. consisted of a combination of ticarcillin
{Beecham Pharma, Amstelveen. The Netherlands) and cefurox-

im (Glaxo, Zeist, The Netherlands), and it was continued until
leukocyte counts rose ta levels higher than 10%L. Dehydration
and electrolyte disturbances were treated by appropriate sc
injectlons of fluids and electrolytes. The monkeys received
irzadiated {15 Gy v irradiation} platelet transfusions whenever
thrombocyte counts reached values below 40X 10%L and
packed red cells whenever hematocrit levels declined to befow
20%:; on those occasions when both thrombocytes and hemat-
ecrits dropped to these Fevels, the monkeys received whole
bloed transfusions. The level at which thrombocytes were
transfused was set at <40X 10%L because monkeys already
develop a propensity to petechilae and other hernorrhages at
this level, which is (also) assoclated with mortality at the
midicthal dose of radiation used in this study] 18]. The emor-
rhaple diathesis of monkeys subjected to 3 to 8 Gy of x-radia-
tlon has been described and reviewed earlier [19].

Test drugs

One-millillter vials containing 0.5 mg/ml recombinant
human TPO were supplied by Genentech {Scuth San Francis-
co, CA). The dose used was 10 pg/kg/day injected sc once per
day from days 1 ta 21 after Ireadiation. The daily doses wese
diluted to a voheme of 1 ml with phosphate-buffered saline
{PB5)/0.01% Tween 80. Placebo-treated monkeys were given
the same volume of diluent. Recombinant human G-CSF
(Neupogen. Amgen. Thousand Oaks, CA) was administered in
a dose of 5 pg/kg/day injected sc once per day from days 1 to
21 after Irradiation. The dally doses were diluted to & volume
of 1 mL in the solutlon recommended by the ranufacturer.

Siudy groups

The 5-Gy irradiated monkeys were 1reated in groups of three
or four, and in each group the monkeys were randomly
assigned the four different growth factor regimens. Four
monkeys were treated with TPO alone, four with G-CSF
alone, and four with a combination of the twao, Four mon-
keys were treated with the diluent alone to serve as historic
tontrals {n = 8).

Bone marrow aspirate

Bone marrow was aspirated while the animals were under neu-
roleptic anesthesta using ketalar {Apharmo. Arnhem, The
Netherlands) and vetranquil (Sanofi, Maassiuis, The Nether-
lanids). Smalt bone marrow aspisates were obtained for analyti.
cal purposes from the shafts of the humeri using pediatric
spinal needles and collected in bottles containing 2 mi. Hanks'
buffered Hepes sofution (HHBS) with 200 1U sodiun hep-
arin/ml (Leo Pi:armaceutical Products. Weesp. The Nether-
lands). Low-density cells were isolated using Ficoll (density
1.077) (Nycomed Phrarma AS, Qslo. Norway) separation.

Colony assays

Cells were plated in 35-mm dishes {Becion Dickinson) in 1
ml, e-MEM {Gibeo, Gaithersburg, MD} contalning 0.8%
methylceltulose, 5% fetal calf seram (FCS). annd additives as
described earlier [20-22). For burst-forming units-erythroid
{BFU-E), cultures were supplemented with hemin (2x10 7
mol/L), human recumbinant erythropoietin {(Fpo: 4 U/mL:
Behring, Germany) and Kit ligand (KL 100 ng/ml.: kindly
provitled by Dr. 5. Gillis, immunex. Scaule, WA}, For grana:
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locyte/macrophage colony-forming units (GM-CFU), eultures
were supplemented with recombinant human GM-CSF (5
ng/mi.; Behring), recombinant rhesus monkey 1L-3 (30
ng/ml), produced in B. licheniformis and purified as
described previously (23.24) and K. Low density cells were
plated at 5x10* cells per dish in duplicate. Colony numbers
represent the mean x standard deviation of bone marrow
samples of individual monkeys.

Hematological examinations

Complete blood celt counts were measured daily using a Sys-
mex F-800 hematology analyzer (Toa hMedical Electronic,
Kobe, Japan). The differential of the total nucleated cells (TNC)
was determined by standard counting after May.Grismwald-
Giensa staining. For reticulocyte measurements, 5 pL ethytene
diamine tetraacetic acid (EDTA) Blood was diluted sn 1 mL
PBS/EDTA/azide and | mb of a thiazole orange dilution was
added using thiazole in a final concentration of 0.5 up/mL.
Measuremenis were done on a FACScan (Becton Dickinson)
and analyzed using Reticount software (Becton Dickinson).

Measurements of surface antigens

Once per week. a FACScan analysis was performed on periphe-
eral blood (PB) and bone marrow samples on the following
surface antigens: CD8. CD4, €020, CD11b, CD56. and CD16.
Directly tabeled monoclonal antibodies were used for CDB,
CDd, CD20, CD56, and CD16 {Leu 2a.TITC, Leu 3a-PE, Leu
16-PE, Leu 19-PE, and Leu | [a-FITC [Becton Dickinson],
respectively). For CDElb, we used the monoclonal antibody
MOI-FITC {Coulter Immunology. Hialeah, Florida) and for
CD34, a monoclonal antibody (mAb) against human CD34
(mAb 566. kindly provided by T. Egeland. University of Oslo.
Oslo, Nonway} that had been fluorescelnated with fluorescein
isothiocyanate (FITC; 3igma) according to standard proce-
dures. 0.5 ml. of whole blood ar bone marrow were lysed in
10 mL lysing solution {8.26 g ammonlum chioride/1.0 g
patasstum bicarbonate and .037 g EDTA/L) for 10 minutes at
4°C. After lysing, the cells were washed twice with HHBS con-
taining 2% FCS and 0.05% (wi/vel} sedium azide (HFN). The
cells were resuspended in 100 pL HFN containing 2% normal
morkey serum to prevent aspecific binding of the monocto-
nal antibodies. Monodlonal antibodies were added in a vol-
ume of 5 pl and incubated for 30 minutes on ice. After two
washes, the cells were measured on the flow cytometer.
Ungated list mode data were collecied for 10,000 events and
analyzed using Lysis Il saftware (Becton Dickinson).

Clinfcal chemistry

Serum concentrations of sodium, potassium, chloride, glu-
cose, albumin, total protein, aspartate-amino transferase, ala-
nine-amino trapsferase, altkaline phosphatase. lactate
dehydrogenase (LDH), gamma-gtutamyl transpeptidase, total
bilirubin, C reactive protein, creatinine. urea, and bicarbonate
were analyzed hwice per week using an Elan Analyzer {Eppen-
dorf Merck, Hamburg, Germany),

Hemostasts paramelers

Plasma for measurements of fibrinogen, prothrombin time
(PT), and activated partial throrboplastin time {APTT) was
collected wwice per week and stored at -B0°C. Measurements

were performed on an Automated Coagulation Laboratory-
100 {ACL- 100, Instrumentatiors Laboratory, Milan, Italy). For
fibrinogen measurements & commercial kit was used (fibrino-
gen-test: DiaMed AG, Cresster sur Morat, Switzerland};
Thromborel § (Behringwerke AG, Marburg, Germany) was
used for the PT and Flatelin 15 {Organon Teknlka, Durham.
NC} for the APTT.

Platelet agpregation tests were performed before treatment
and at day 21 on a whole blood lumi aggregometer
{Chronolog, Havertown. PA) using the standard agonists ADP
(S1gata, $1. Louls, MO) at a concentzation of 5X 10" M, throm-
bin {Cenwal Laboratery of the blood bank, Amsterdam, The
Netherlands} at a toncentration of 5 U/mL or collagen
{Sigma) at a concentration of 5 pg/mL.

TPQ Jeyels

Piasma for measurements of TPO levels was sampled from the
monkeys just before cytokine administration twice per week
and stored at -80°C, A full description of the TPG enzyme-
linked immunosorbent assay (ELISA) has been described else-
where [25,26]. Briefly, ELISA plates were incubated ovemight
at 4°C with 2 pg/mL rabbit F{ab')2 1o human TgG Fe {Jackson
ImmunoResearch, West Grove. PA) and for 2 hours at room
terperature with conditioned medium containing 100 ng/mL
of mplIgG [2). Twofold serial dilutions of samples (starting at
§:10} and standards {recormbinant fufl-fength human and/or
rhesus TPQ) were added to wells and incubated for 1 hour.
Bound TPO was detected using biotinylated rabbit antibody
to full-length human TPO (Genentech) followed by peroxi-
dase-labeled streptavidin. The range of the assay for rhesus
plasma samples was 0.32 to 10 ng/mk TPQ. The assay prefer-
entially detects active full-length TPO in both rhesus monkeys
and humans, and corvelates well with a bloassay using the
megakaryoblastic HU-3 ceH line.

Statistics

Ef relevant, standard deviattons were calculated and are given
In the text, the figures. and the table on the assumption of
normal distcibution. The statistical significarice of differences
was caleulated using Fisher's exact test for categorical data,
and for continuous data by one-way analysls ef variance fol-
fowed by Student’s t-test.

Resulls

Pedphetal blood cell counts

Irradiared placebo-treated monkeys showed a regeneration pat-
tern similar to that of historic controfs for all Hineages. On
average, the nadlr for platelets was far below 403 10%L and its
tme course was influenced by platefet transfusions (Fig. 1).
The contro) monkeys needed on average 2.7 + 1.8 transfu-
sions. Transfusion independence (a level above 40%10%1) was
reached on day 18.5 + 3.7. TPO-treated monkeys did not
require plaselet transfusions because they had an average
thrembocyte nadir of 175X 10%L (range 78- 199X 16%1). In the
TPO-treated animats there was an increase in platelet levels 1o
supranormal values (775 10%1, 1o 2130x10%L}. The recovery
ta normal platelet values was accelerated in these animals. Pre-
treatment values were reached on day 13 In TPO-treated mon-
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keys and on day 32 in placebo-treated controls. The effect of
TPO on platelet nadir, transfusion requirement, and recovery
time {defined as the first day on which thrombocyte levels
remained >300x10%1) was statistically sipnificant {p < 0.02, p
<002, and p < 0.001, respectively).

TPO also showed a beneficial effect in monkeys treated
simultaneously with TPO and G-CSF, with a nadir of
118X 10°/L (range 81-145X 10°4) (p < 0.02). The maximum
platelet levels reached in these moenkeys were less pronounced
than in monkeys treated with TPO alone (615-786x10%/L)
(Fig. 1), although the difference did not reach statistical signif-
icance, G-CSF treated monkeys showed a pattern similar to
the placebo-treated monkeys. .

Mean platelet volumes dropped over the first week to 9 10
10 {L for all groups. This was influenced by platelet transfuslons
and started to retum to normal volumes (11.5-13.0 fL) after the
third week I all but the TPO + G-CSF treated animals, where
volumes stabilized at levels between 10and L5 L.

TPO alsa had an effect on the red biood cell lineage. Retic-
ulocyte regeneration was inltiated 10 days earlier in both
TPQ- and TPO + G-CSF-treated monkeys compared with
placebo- and G-CSF-treated monkeys (p < 0.001 and p <
0,502, respectively). Reticulocytosis was followed by nor
moblastosis in the TPO- and TPO + G-CSF-treated monkeys,
which also occurred 10 days earlier and was more pronounced
thart In the placebo-treated animals (Fig. 2). The beneficlal
effect of TPO on the red hlood cell lineage was reflected in a
less profound nadir for hemoglobin and hematocrit levels and
a stabilization of those values after day 30. For G-CSF- and
placebo-treated monkeys the hematocrit nadir always came
close to the transfusion level of 202 and four of these eight
animals were given a whole blocd or packed cell ransfusion.

Regeneration of neutrephilic granulocytes in TPO- and
placebo-treated andmals followed exactly the same pattern,
with values greater than 0.5% 10%mL at day 22 {range 20-25
days) (Fig. 1). Monkeys treated with G-CS¥ alone reached this
value on average at day 19 {range 18-21 days), and combina-
tion-treated monkeys reached it at day 14 (range 12-15 days);
this difference was statisticatly significant {p < 0.005), as was
the difference between the G-CSF-treated and the placebo-treat-
ed monkeys {p < 0.05) Remarkably. in the monkeys treated
with TPO and G-CSF the neutrophH nadir was less pronounced
and of much shorter duratton than in the G-CSF-treated mon-
keys. There were no differences in lymphocyte regeneration
(data not shown). For monocytes, however, the regeneration
patterns were similar to those of the neutrophils {Fig. 3],

¥hite blood cell subsets measured By fow cxlomelry

A profound nadir was observed for all the surface markers
tested in the peripheral blood in all animals. CD8" T cells
regenerated faster than CD4* T cells, but no difference was
cbserved between the various growth facior treatment groups
{data not shown). Full recovery of CD20" B cells teok Tonger
than the observation period of 6 weeks: no significant differ-
erces were noled between the four treatment groups (data not
shown). The monkeys treated with TPO and G-CSF showed
enhanced recovery of CDIIb' cells, reflecting the recovery of
neutrophils and monecytes. All TPQ-treated monkeys had a
stightly enbanced recovery of CD36° and CDI6* cells com-
pared with placebo- and G-CSF-treated monkeys {Flg. 4).

thrombocytes (x109/1)

reticulocytes (x1012/1)

neutrophils (x109/1)

time (day)

Flg. 1. Peripheral bleod counts after 5-Gy TBI {day 0).
Shown are changes in levels of thrombocytes (upper
panel), reticulocytes {middle panel} and neutrophils
{tower ganel) In response to TPO {(open squares,n=4},
TPQ and G-CSF {hall-filled squares, n=4), G-CSF {black
squares, n-4) and placebo treated monkeys (open ¢ir-
cles,n=4), Data represent the arithmetic mean & $O of the
various treatment groups. Herizontal lines define the
degree of cytepenia: 40%16%L for thrombocytes,
0.05% 10"/, for reticulocytes and 0.5X10%L for neu.
trophils. Vertical lines indicate SD, given in a positive
direction only to avold confusion.

Bone marrow cellularity and progenitor cell confent

The monkeys treated with TPO displayed a markedly acceler-
ated recovery of bone marrow cellularity, as shown by the
bone marrow cefl counts of 13 £ 23 10° cells/ml. aspirate
observed in the animals on day 15 compared with 0.3 1 0.2
for the placebo mankeys on the same day (Table 1). This fea-
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Fig. 2. Regeneration of the red blcod cell lincages.
Shown are normoblast {upper panet), hematocrit {middle
panel), and red bloed celi numbers (lower panel}. See Fig-
ure 1 for an explanation of symbols. Dala represent means
+ 5D of the various treatment groups. Vertical lines indi-
cale SD, given in either a positive of a negative direction.

ture was also apparent in the TPO- and G-CSF-treated mon-
keys and could not be atiributed to the G-CSF treatment.
However, G-CSF treatment also improved bone marrow
regeneration. as was apparent from the «ata obtained 1 week
later, There was a decline in bone marrow celiufarity in TPO
and TPO- + G-CSF-treated monkeys at the end of the fourth
week. probably reflecting the cessation of growth factor treat-
ment at 3 weeks.

TPO stimulation of bone marrow recovery also occurred in
bone marrow progenitor cells, i.e., GM-CFU and BFU-E,
aithough 1o a greater degree in the TPO-treated monkeys than
in those treated with G-CS¥ (Table 1). Perhaps of greater rele-
vanee, inwnature CR31° cells in the TPO-treated mankeys

3

moenocytes (x1091)

time (day)

Flg. 3. Absolute pumbers of monocytes after 5-Gy T8I,
See Figure 1 [or an explanation of symbols.

showed a 100-feld increase at 2 and 3 weeks after TB1 com:
pared with the same cells in monkeys weated with G-CSF or
placebo {p < 0.05) (Fig. 5}. In general. ceflularity and pro-
genitor cell content followed the same pattern,

Clinical chemisiry parameters In serum

In most of the parameters, abnormalities were not observed.
Albumin concentrations were stable at approximately 40 g/L.
Electrolyte disturbances were minor during the first week
after TBI because of gastrointestinal radiation damage. In
additton, liver enzyme alkaline phosphatase, ALAT, and
ASAT showed only minor changes. The only enzyme show-
ing abnormalities was lactate dehydrogenase lsotype |
{LDH1). LDH1 was markedly elevated on day 3 in all treat-
ment groups and in all TPG-treated monkeys also in the third
week after TBI, in contrast 10 the placebo-wreated controls in
which it remained within the normal range. A correlation
was noted between elevations in LDH1 Tevels and the abso-
lute numer of normoeblasts appearing in the circulation
(Figs. 2 and 6), suggesting that rapid {and perhaps somewhat
ineffective) erythropoiesis was the source of these elevated
levels. The day 3 LDHI levels. which were elevated 1o the
same extent in all monkeys. are most likely atributable to
rapid celt disintegration shertly after sradiation.

Hemostasls parameters

No differences were found between APTT, PT, and flbrino-
gen levels among the varlous treatment groups, and Nuctua-
tion over time afier irradiation did not occur {data not
shown). Platelet aggregation measurements in the treatment
graups did not differ from those in placebo-treated controls
[data not shown).

TPO fevels

TPO levels were below detection level (320 pg/ml) in all pre-
treatment samples. TPO levels varied from 6 (¢ 24 ng/ml in
samples taken from TPO-treated monkeys on days 3 to 21
post-TBIL after which TPQ adminisiration was stopped. These
levels decreased 1o less than 2 ng/ml on day 24 and became
undeiectable on day 28 (Fig. 7). In apimals treated with G-CSF
and in conteol monkeys, low levels of TPO were detected in
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samples tzken on days 10, 14, and 17, concurrent with
thrombocytopenia (Fig. 1): the TPO levels in these ardinals
varied from 0.3 to 0.6 ng/mL. Obviously, the rise in TPO lev-
els in the placebo-treated controls had been suppressed by
deliberate thrombocyte transfusions in these animals whenev-
er their platelel counts fell below 403 10%/L..

Discussion

This study shows that TPO was highly cffective in preventing
thrombocytopenia following radiation-induced myelosup-
pression, an affect characterized by alleviation of platelet
nadirs, accelerated platelet recovery, and substantial reduction
in the time needed to reach normal platelet levels. TPO also
stimulated red cell reconstitution and exerted no influence on
neutrophilic granulocyles, monocytes, or lymphocytes. In
addition, TPO markedly promoted lmniraiure CD34" bone
marrow cell reconstitution, as was reflected in the Increased
numbers of immature progeniter cells cbserved in the granu-
locyte/macrophage and erythrold lineages. Concurrent
administratton of G-CSF did not enhance TPO-stimulated
recovery of platelets, althcugh platetet levels In monkeys the
third week of combined G-CSF/TPO treatment tended ta be
lower than s the monkeys treated with only TP duiing the
same perlod. A similar dampening effect of G-C5F on the TPO
respanse has recently been described in mice [27] and may be
related to the protracted thrombopenia observed in stem cell
transpfanted monkeys [28). which were treated with G-C5F.
Remarkably, TPD treatment considerably augmented G-CSF-
stimulated neutrophil and monocyte reconstitution. Adverse
systemic effects were not observed with administration of
either growth factor.

The thrombopoiesis-stimufating effect of TPO was already
sufficiently effective in the frst week of treatment, as was
shown by an increase in platelet numbers starting at day 8, In
addition, the effect of TPQ on bone marrow cellularity and
fnmature bone marmow cells was already clear by the end of
the second week of treatinent. This suggests that a dose sched-
ule of 21 consecutive days of weatment Is excessive, as was
clear from the very high platelet numbers reached in the sec-
ond and third weeks after TBL It is conceivable that a short
course of TPO treatment initiated immediately after cytoreduc-
tive therapy would be suficient 1o prevent thrombocytopenia.
We have previously shown in a mouse madel of thrombocy-
topenia that a single dose of TPO given 24 hours aiter cytore-
ductive therapy is as effective as daily dosing lor 8 consecutive
days [29]. The effect of single injections in this mode] was alsa
highly dose-dependent.

TPO was clearly maore effective in stimulating platelet recov-
ery than ather growth factors known {o stimulate platelet pro-
duction, Including -6 [30-33], IL-11 {34,35], 1L-3 [32.33), and
JL-1 [36]. All of these cytokines stimulate platelet production
but not sufficiently 1o preven: theembocytopenia at tolerable
doses. especially in view of the many side effects observed.

A tentral issue regarding TPO treatment is prevention of
bleeding as a consequence of myelosuppression. Our policy of
transfusing donor thrombocyies when plavelet levels decline
1o 40X 10%L is based on the finding that this level coincides
with the first appearance of petechiae and other bleeding: its
rationale is to prevent undue deaths resulting from hemor-
rhages. Yor obvious reasons. this level is higher than the level
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Fig. 4. Absolute number of peeipheral blood cells positive
for surface markers CD11bL (upper panel), CB56 (middle
panel}, and CO16 (lower paned), See figure 1 for an expla-
nation of symbe!s.

used in human patients, to whom instructions can be given
and sensitizatior to alloantigens should be avolded. Based of
the decrease in thrembocyte counts in placebo-treated mon-
keys one week after TBE, anid based on the fact that these levels
bepan to increase in the third week after TBI, it can be inferzed
that witheut transfusions the thrombocyte levels would have
drapped below 10X O], within 2 days after the first transfu
sten (Fig. 1). £t can thus be concluded that the TPO wreatment,
which prevented the decline in thrombocyte counts to levels
lower than 100x10%L early in the second week afier irradia-
tion {Fig. 1). also effectively prevented bleeding.

An assoclation between smaller platelets and stimutated
megakanyocytopolesis has been observed previously during
experitnental thrombocytapenia induced by antibody-mediat
ed platelet consumption [37.28]. and also oceurs in normal
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Table 1, Bone marcow cellularity { 10%), GM-CFU numbers (x 10%), and BFU-£ numbers {x10°) per mL aspirate 1 $D after TB] and growth fag-

tor lreatment

Before Day 8 Day 15 Day 22 Day 29

Celtularity T 65+ 41 0.7+03 13123 78 ¢ 67 29115
*10%/mL T+G 1031 65 05201 2728 136176 3B 19
G 62 1 45 03:02 0503 411 43 43+ 24
pl 4317 0605 03102 43127 13.2x 12

GM-CFU T 80270 ND" 24+28 103+ 53 29217
{2107 T+G 137 £ 86 ND 41154 84159 FLERY
G 85182 ND ND 451 52 87+ 118

pt 451 31 ND ND 116 1524

BFU-E T 32+ 3 ND 225 21: 11 107

(x10% 4G 661 46 ND 21£39 44+ 46 722
G kKRR E] ND ND 12+ 14 3z:+ 41

pl 21114 ND ND 22 517

*ND=not done because of tow numbers of cells.
T: TPO treated monkeys {n = 4}.

T + G: TPO + G-CSF treated monkeys (n=4).

G: G-CSF treated monkeys (n = 4)

pl: placebo treated monkeys (n = 4},

nonhuman primates [39}). The mechanlbsm of this assoclation
is not known. The decreases in platelet volume observed in
this study were similar in all treatment groups and were there-
fore not related elther to the stimulstion with pharmacolopl-
cal concentrations of TPO or 1o the ¢lrculating platefet mass.
Platelet function was unaltered In that platelet aggregation
measurements on the last day of growth factor administration
did not differ from pretreatment measurements and did not
vary among the treatment groups.

The effect of TPO on early hematopoletic progenitor cells of
different lineages was unexpected, but is in line with other
recent observations §80,40] and consistent with the previous
finding that the receptor for TPO IS present on immature pro-
genitor cells {41]. Because megakaryocytes are capable of
releasing various growth factors [12,43}, the TPO effect
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Fig. 5. Absolute number of CD34" cells in the bone mar-
rovs after 5-Gy TBI. See Figure 1 for an explanation of sym-
bols. Data represent arithmetic mean + SO of the varfous
treatment groups.

observed in our study may be an indirect consequence of stim-
ulatlon of the megakaryocyte lineage. Alternatively, TPO may
synergize girectly with growth factors such as kit ligand or fit-3
ligand to stimulate immature cells. Evidence for such a syner-
gy exists in vitro [44-46], The accelerated recovery of pro.
genitars cells Is perhaps most clearly illustrated by the two-log
Increased recenstitution of immature CD34° cells In the bone
marrow aspirates of TPO-treated monkeys at the end of the
second week of weatment. The magnitude of this effect sur-
passed that of any cther growth factor tested in the same anl-
mal model, including IL-3 and iL-§ (manuscript in
preparation). The accelerated recovery of GM progenitor cells
may explain the augmented response to G-C5F in the neu-
traphil and manocyte lineages, also reflected by CD11b" cells,
Apparently G-CSF also stimulated the CD16/CD56" lincage,
thought to represent natural killer cells criginating in the bone
marmrow {47]. Because the G-CSF dosage was supraoptimal, the
augmented responses to G-CSF are best explalned by Increased
numbers of progenitor cells. However, in view of the dimin-
ishied platelet response In the monkeys treated simuitanecusly
with TPO and G-CSF, we do rot exclude the possibility that
TPC and G-CSF also compete for a common progeniter cell.
TPO also affected the red cell lineage very early afier imadl-
atfon, as reftected by the fact that exponential reticulocyte
regeneration began after the first week of treatment, 10 days
earlier thagn in placebo- and G-CSF-treated controls. Reticulo-
cytosis was followed by normoblastosis, which was accompa.
riied by elevated LDH serum Jevels; we attribute these last two
findings to rapid and inelficient erythsopoiesis. As a result,
hemoglobin concentrations and hematocrit levels stabllized
carlier at higher levels. However. in TPO-treated monkeys,
signs of 2 microcytic, hypochromic anemia became apparent
after the third week, suggesting depletion of iron stores
caused by rapid erythropoiesis. In a separate study, the devel-
opment of iron deficiency dusing TPO treatment was directly
confirmed, as was its prevention by administration of prophy-
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Fig. 6. Elevation of LDHF vatues in TPO-treated monkeys
{n=4} after 5-Gy TBIL. The shaded area represents the
mean # S0 of the LDH1 serum levels in 14 normal mon-
keys. Measurements marked with * were significantly dif-
ferent from normal {p<0.05).

lactic intramuscular iron [48]. We infer from this that iron sta-
tus needs to be assessed before, and monitored during, TPO
treatment. Tt should be noted that the dosage of TPO used in
this study was higher than required 1o normalize platelet lev-
els and will likely be unnecessary for the clinical therapy of
myelosuppressed patlents. It s not clear why nonmoblastosis
followed reticulocytosis in TPO-treated monkeys, a pattern
that runs counter to what has been seen with other growth
factors such as IL-3 [48]) and GM-CSF {unpublished observa-
tion), Since normoblastosis was highly reduced in monkeys
prophylactically supplemented with iron [48], the patterny
observed might be related to developing iron defictency
resulting in ineffective erythropoiesis dueing the course of
TPO-stimulated hematopoletic reconstitution. It should be
neted that the onset of mild nonmoblastosls in placebo-treat-
ed control monkeys, which did not develop significant iron
deficier:cy, paralleled the onset of reticufocyte regeneration.

The present study demoenstrates that TPO treatment fol-
lTowing cytoreductive treatment prevents thromboeytopenla,
accelerates platelet and red cell reconstitution, and promotes
the recovery of imunature bone marrow cells. In addition,
simultaneous G-CSF and TPO treatment alleviates neutrope-
nia more effectively than G-CSF alone, thereby decreasing the
risk of bleeding and infection, which are common complica-
tions of Intensive cancer treatment. We interpret the effect of
TPO on immature bone marrow cells as an indication that
thls growth factor may play a key role In the design of treat-
ment regimens directed at acceleration of both immature
bone marrow and mature blood cell reconstitution after
cytoreductive therapy.
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Prevention of Thrombocytopenia by Thrombopeietin in Myelosuppressed
Rhesus Monkeys Accompanied by Prominent Erythropoietic Stimulation and
Iron Depletion

By Karen J. Neelis, Luo Qingliang, G. Roger Thomas, Bob L. Cohen, Dan L. Eaton, and Gerard Wagemaker

The effectiveness of thrombopoistin {TPO) in allevisting
thrombocytepenfa was evaluated in a placebo.controlled
study involving rhesus monkeys exposed to 6 Gy total-body
irradiation (TBi} (300-kV x-rays) to result in 3 weeks of pancy-
topenia. Supraoptimal treatment with human recombinant
TPO {10 pg/ko/d subeutaneously, days 1 to 21 after TBI) was
highly effective in preventing thrombosytopenia, with nadirs
for thromhoceytes, on average, far higher than 100 x 10%L,
a greatly accelerated recovery to normal values, and no need
for thrombocyte transfusions. TPO appeared to act selec-
tively in that neutrophil rageneration was notinfluencad but
red blood cell lineage recovery was prominsntly stimulated,
with reticulocyte rageneration being initiated 10 days earller
than in placebo-treated animals. The reticulocytosis was fol-
lowed by a normoblastosis that occurred earlier and was
more pronounced than in placebo-treaied monkeys, The of.
fect of TPO on the red blood cell lineage was also relfected
in a fess profound nadir for hemoglobin {Hb} and hematocrit
values than In placebo controls. However, this effect was
not followed by a rapid recovery to naormal values, due to

HROMBOPOIETIN (TPO), the ligand for c-mpl, was
idemtified and its gene cloned in 1994 In vitro and

in vivo evaluation showed it to be the major regulator of
thrombecyte production.*” In vitre experiments also demon-
strated, apart from megakaryocyle colony formation,*** ef-
fects on erythroid progenitors in synergy with erythropoie-
tin,'*"! In normal experimental animals, thrombocyte counts
increased fo supranormal values without affecting other tHn-
eages>™*1* In several myelosuppression models, TPO has
alsa been found to stimulate, apart from the megakaryocytic
lineage, erythroid precursors,'*'%1 expansion of immature
bene marrow progenitor cells,'® and, to  lesser extent granu-
locyte-macrophage colony-forming units.™" Adverse ef-
fects have rot been observed. In the present study, TPO was
evaluated in a rhesus monkey model for myelosuppression
to investigate ils ability to alleviate thrombocytopenia. The
monkeys were subjected to 5 Gy x-ray total-body irradiation
(TBI) resulting in 3 weeks of profound pancylopenin. We
report here that TPO, apart from greatly promoting thrombo-
cyte regeneration after myelosuppression, also stimulated
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dovelopment of a microcytlc hypochromic anemia, iron
depletion was demonstrated by measurements of total se-
rum fron and totat iron-binding capacity (FIBC} and could he
prevented by prophylactic intramuscular {EM} fron before TBI
or correctad by [M iron after TPO treatment. Rechallenging
with TPO in week 8 after TBI demonstrated a homogenous
thrombotyte response simifar in magnitude to the initfal
response, but a greatly diminished reticulocyte response.
This demonstratad that the erythropofetic response to TPO
administration depends on the hemopoietic state of the ani-
mat and may reflect multiple TPO target cells. It is postulataed
that the extremaly rapid erythropoiesis due to TPO freat-
ment in the initial regeneration phase following myelosup-
pression results in Iron depletion by a mechanism similar to
that seen following erythropoietin treatment in patients
with end-stage renal failure. It is concluded that protracted
TPO therapy to counteract thrombocytopenlc states may
result in iron depletion and that the iron status should be
menitored hefore, duting, and after TPQ treatment.

© 1997 by The American Society of Homatology.

cerythropoiesis, leading to iton depletion and resulting in mi-
crocytic anemia.

MATERIALS AND METHODS

Animals.  Purpose-bred mate rhesus monkeys (Macaca mudatta)
weighing 2.5 to 4.0 kg and aged 2 1o 3 years were used. The monkeys
were housed in groups of four 1o six in stainless steel cages in cooms
wilh a reverse-filtered air barder and normal daylight chythm and
conditioned to 20°C with a relative humidity of 70%. Animals were
fed ad libitum with commercial pimate chow and fresh fruits and
received acidified drinking water. All animals were free of intestinal
parasites and were seronegative for herpes B, simian T-lympho-
trophic virises and simian immunodeficiency virus. The housing,
experiments, and all other corditions were approved by an ethics
commifttee in accordance with legal regulations in The Netherlands.

TBI. Monkeys were irradiated with a single dose of 5 Gy TBI
delivered by two opposing x-ray generators operaling at a tube volt-
age of 300 kV and a current of 10 mA. The haif-layer thickness was
3 mm Cu. The focus skin distance was 0.8 m, and the mean dose
rate 0,20 te 0.22 Gy/min. Buring TBI, the animals were placed in
a cylindrical polycarbonate cage that rotated slowly (thuee times per
minute) areund its vergical axis.

Experinental pracedure.  Two weeks before TBI, the monkeys
were placed in a Jaminar-flow cabinet, and the gastrointestinal ract
was selectively decontaminated by giving oral Ciproxin (Bayer, Mij-
drecht, The Netherlands), nystatin (Sanofi, Maassluis, The Nether-
lands), and polymyxin B (Pfizer, New York, NY), This regimen
was maintained until leukecyte counts exceeded LOP/L. Systemic
antibiotics were given when leukecyte counts were less than 0P/
L, in most cases as a combination of Ticarpen {Beecham Pharma,
Amstelveen, The Netherlands) and Zinacef (Glaxo, Zeist, The Neth-
erlands), as gaided by fecal bacteriograms. Dehydration and electro-
Iyte disturbances were treated by appropriate fluid and electralyle
administration subcutaneausty. The monkeys received imadiated (15
Gy) thrombocyte transfusions whenever thrombocyte counts were
Tess than 40 % [0%L and irradiated packed red blood cells whenever
hematocrits were Jess than 20%, and eccasionally. the monkeys
received whole blood transfusions in case of simultaneous oceur-
rence of both transfusion criteria. All monkeys were bled for Jiag-
nostic purposes, 7 ml. before imadiation, 7 mL twice weekly during
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the first 4 weeks, and 3 mL once weekly thereafier. Three milliliters
of bene marow was aspirated before irradistior and once weekly
for 6 weeks after TBL The total bleod velume of 3-kg monkeys is
estimated 10 be 200 mL.

Test drug.  One milliliter vials containing 0.5 mg/mL recornbi-
nant full-length human TPO produced by CHO cells were supplied
by Genrentech Ine (South San Francisco, CA), The dose used was
10 pgfkg/d subcutancously once daily from day 1 to day 21 after
irradiation (n = 4). Three monkeys received the same dose for a
second period of 7 days from day 52 to day 58 after irradiation. The
daily doses were difuted 10 @ velome of 1 anl. with phosphate-
buffered saline (PBS)0.01% Tween 80. Placebo-treated monkeys
were only given the same volume of diluent (n = 4).

Hemuatologic examinations.  Complete blood cell counts were
measured daily using a Sysmex F-800 hematology analyzer (Tea
Medical Electronics Co, Kobe, fapan). ‘The differential of the total
nicleated cetls was determined by standard counting after May-
Grilnwald-Giemsa staining. For reticulocyte measurements, 5 pL
EBDTA blood was diluted in | mL PBS/EDTA (5.0 mol/L)/azide
{0.05% wifvol) and 1 mL of a thiazole orange dilutien was added,
using thiazole in a firal concentration of 9.5 pgf/ml. Measurements
were made on a FACScan (Becten Dickinson, San Jose, CA) and
analyzed using 1he Reticount software (Becten Dickinson).

Iron adminisirarion.  Three monkeys received iron supplementa-
tion. One monkey received 0.5 ml. Imferon (Fe{lITy 50 mg/mL;
Fisons Pharmaceuticals, Eoughborough, England) for 5 consecutive
duys before irradiation, and two monkeys received 3 mL in 10 days
approximately 3 months after irradiation. Tmferon was given intra-
muscularly.

Clinical cheristry,  Serum levels of sodium, potassium, chlorde,
glucose, albumin, total protein, aspartate aminotransferase, alaninz
aminoiransferase, alkaline phosphatase, lactate dehydrogenase iso-
type 1 (LDH1), y-glutamy] transferase, total bilimbin, C-reactive
protein, creatinine, urea, and CO, were measired twice weekly using
an Elan Analyzer (Eppenderf Merck, Hamburg, Germany). Total
serum iron and total iron-binding capacity (TIBC) were determined
in representative stored serum samples, and the percentage satration
was calculated.

Pastrortent materigl.  As arcanged with the ethics committee for
animal experiments operating at our university, all animals were
euthanized at the end of the study. Most of the animals were eu-
thanized at day 43 after imadiatior by injecting 2 mL Euthasate
(Apharmo, Amhem, The Netherlands; pentobarbital 200 mg/mL) intra-
venously, For two of the TPO-treated monkeys, the fellow-up time
was prelenged to further evaluate the anemia, and for one placcbo-
treated monkey for other reasons. A1 the time of obduction, organs
were fixed with 456 paraformaldehyde, and about 24 hours later the
material was embedded in paraffin and slides were made stained
with hematoxylinfeosin. Slides for iron staining were made from the
paraffin-embedded material.

Statistics, I relevant, the mean * SD was caleulated with the
assumplion of a normal disinbution. The significance of a diffcrence
was calculated by one-way analysis of variance followed by a Stu-
dent's f-test,

RESULTS

Peripheral blood cell cownts.  TPO was highly effective
in alleviating thrombocytopenia afler imadiution, and recov-
ery to normal values was significantly accelerated (Fig 1).
The dose schedule of TPO was supraoptimal, as is clear
from the increase to supranormal thrombecyte counts in the
third week of treatment. The kinetics of the thrombocyie
responsc strongly suggests that TPO treatment during the
first week after TBI would have been sufficient for preven-
tion of thrombocytopenia. One week after cessation of TPO

thrombocytes (x1091) T peyrrophils (x1091) =

time {(day)

Fig 1. Neutrophil {4} and thrombecyta (B) regeneration after 5 Gy
TBE for TPO-freated monkeys (&, it = 4) and placebo-treated contrals
Q) n =4}

treatment, thrombocyte counts gradually retarned 10 normal.
TPO trealment was selectively eifective in that neutrophil
regeneration was not influenced (Fig 1), with values more
than 0.5 X 10°%L being reached at day 20 (range, 20 to 23).
In addition, TPO had a prominent effect on red blecd cell
parameters. Reticulocyte regeneration, on average, was 10
days easlier than in placebo-treated controls, and TPO-
treated moakeys developed a normoblastosis that was alse
earlier aud much more pronounced {Fig 2). All monkeys
developed asemia, partly due to diagnostic bleeding. The
decrease in hemoglobin (Hb) concentration was similar in
all monkeys until day 14 after TBI (Fig 3), TPO-treated
monkeys showed less profound nadirs than placebo-treated
controls, and Hb levels stabilized afier the second week.
However, the earlier stabilization of Hb levels was not re-
flected in an earlier recovery to normal values. Instead, TPO-
treated monkeys developed a sustained anemia, whereas pla-
ceho-treated monkeys were able to recover to subnormal Hb
levels at the end of the observation period (6 weeks) (Fig
3). The anemia of TPO-treated monkeys was microcytic (Fig
4} and hypochromic {Table 1) in nature, The difference in
mean cell volume (MCV) kineties is most apparent if the
data set of each monkey is shown individually. The MCV
of TPO-treated monkeys showed an initial increase that coin-
cided with the reticuloeyte recovery and was followed by a
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vz} reticulocytes (xlOl?'/I) >

normoblasts (x109/)

time (day)

Fig 2. Reticulocyte regeneration (A} and the appearance of nor-
moblasts {B] sfter 5 Gy T8I for TPO-treated mankeys (M, n = 4) and
placebo-treated centrods (O, n = 4},

gradual decline in the fifth and sixth weeks of treatment,
whereas placebo-freated monkeys all had an increase in
MCYV values from the third week onward, also coinciding
with reticulocyle tecovery, Mean cellular Hb (MCH) was
also decreased in TPO-treated monkeys in the sixth week
after TBI compared with preteeatment values, whereas in
placebo-treated monkeys MCH values remained constant
(Table ).

TPO rechallenge and iron supplementation.  To examine
the effectiveness of TPO after myelosuppression sithout
limited iron supplies, one monkey was given intramuscular
(IM) iren during the week before TBI, followed by TPO
treatment. Fhe nadir for Hb and hematocrit was similar to
those of the four monkeys treated with TPO earlier, but the
iron-treated monkey had a regeneration of Hb levels much
earlier that the other TPO-treated monkeys and the placebo
controls (Fig 3) and did not develop & microcytic anemia,
Thrombocyte regeneration of the iron-treated menkey was
in the range of that for the four monkeys treated earlier
(Fig 5). In an extended follow-up period, two TPO-treated
monkeys and the single TPO/iron-treated menkey were re-
challenged with TPQ in week 8 after TBE, after which a
thrombocyte production respense similar to that reported for
normal noahuman primates oceurred" (Fig 5). All monkeys

had a smail but significant increase in reticulocyte counts,
which oaly in the iron-treated monkey was followed by a
small increase in Hb levels after an initial decline due to
diagnostic bleeding. In the other two monkeys, Hb levels
stabilized. Subsequent TM fron administered to the latter ani-
mals over a period of 10 days in the third month after TB1
resulted in a prompt increase of Hb and hematocrit levels
(Fig 6) and a comection of ansmia.

Clinical parameters and transfusion reguirements.  The
number of febrile episodes was not different between the
two groups. Noymal axillary body temperature in rhesus
monkeys is 39°C, and fever Is defined as a morning 1empera-
ture more than A°C. TPO-treated monkeys had 3.7 & 2.9
days with fever, and placebo-treated controls 4.5 & 3.5 days,
statistically nonsignificant (P = .76).

Since iron conlained in blood transfusions might confound
our results, the transfusion requitement of the monkeys is
also presented. TPO-treated monkeys did not receive any
blood products during the experiment. All placebo-treated
monkeys received several thrombocyte transfusions, which
are nol coasidered to contain significant amounts of iron.
Three of four placebo-treated controls received a whole
blood transfusion at days 15, 21, and 26 after TBI, respec-
tively. This is too late in the time course to account for the
difference in the Hb nadir occuering in the third week after
TBL

>

7 hemoglobin{mmol/1)

hematocrit (%)

time (day)

Fig 3. Hb levels (A} and hematocrit {B) after 5 Gy TBI for TPO-
treated monkeys | B, n = 4), placebo-treated centrols {O, n = 4, and
one fron-pretreated TPO-treated monkey [4).
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Fig 4. MCV after 5 Gy T8I for TPO-treated monXkeys (A} and pla-
cebro-treated controls [B). Each line represents an individual mankey:
bold line, iron-pretreated TPO-treated monkey.

Clintcal chemistry. TPO-treated animals showed in-
creased serum LDHU levels due to the rapid but insufficient
erythropeiesis. However, the iron-pretreated monkey did not
display this elevation in LDH1 levels, and the normobfastosis

Table 1. Serum Iron/TIBC, Total Serum [ron, and MCH Foliowing

TBE

Paramster Preirradiation Cay 14 Day 28 Day 43
Serum iron/TIBC {35)

PG 27+ 12 35+ 8% 12+7 8+ 1t§

Placebo 31=13 62 > 11t 3019 17 =8
Serum iren {gmolfL}

TPO 21+8 28 + 8¢ 0W=xs 5+ 1t

Placebo 228 41 = 8t 21+13 x4

lren/TFO 39 31 23 20
MCH (amol)

TPO 1,608 * 94 1,464 = 141 1,427 = 113 1,210 + 255

Placeho 1,437 = 61 1,392 + 64 1478 267 1,456 =75

TPO-treated monkeys, n = 4; placebo-treated mankeys, A = 4; iron/
TPO {monkey ireated with iron befare irradiation and TPQ after irradi-
ation), n = 1.

* After iron supplementation.

1 Statisticaily significantly different from preirradiation, P < 05,

i Statistically significantly different from time-matched ptacebo-
treated monkays, P < .05,

10%
A

thrombocytes (x109/1)

reticulocytes (x1012/1)

10_? T F T T T F T T T T
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0 7 14 21 28 35 42 49 56 63 70 77
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Fig 5. Effect of a rechallenge with TPO {10 pgikgid] from days 52
to 53 in three monkeys on thrombocytes {A), reticulocytes (B), and
Hb {C}, Two TPO-treated monkeys (O, O} and one iron-pretreated,
TPO-treated monkey (A). Black lines, duration of TPO treatment.

seen in TPO-treated monkeys was also reduced in this mon-
key (data net shown).

To assess the iren status of the monkeys before and during
therapy, total serum iren and TIBC of represeatative stored
serum samples were determined. Tron saturation was 27% *+
1255 before iradiation, but decreased to much lower levels
6 weeks affer irradiation (6% + 1% for TPO, P = 04; 17%
+ 8% for placebo, nensignificant). The difference between
TPO- and placebo-treated monkeys at week 6 is also signifi-
cant (P < .03; Tabfe 1). Serum iron followed a similar
pattern in that at day 14 free serum iron was higher, probably
due 10 diminished iron utilization in the initial period after
TBE during which erythropoiesis was profoundly suppressed
{Table 1}. In the iron-pretreated monkey, 10tal serum iron
also decreased steadily after TBI, but not to a degree suffi-
cicently severe to induce anemia. In TPG- and placebo-treated
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Fig 6. Effect of iron treatment in two anemic TPO-treated mon-
keys. (A} Hb [evel; (B) hematocrit, Iren was adminlstered at ths indi-
cated lime points. {4) Correspond with the monkey represented with
(O}, and (&) with (H). At the indicated time polints, 3¢ mg Fe(lfl) was
administered.

monkeys, iron steres were not deteciable in bone marrow
slides stained for ircn (data not shown).

DISCUSSION

TPO was effective in stimulating thrombocyle recovery
after a myelosuppressive exposure to TBI and fully pre-
vented the development of thrombocytopenia. An effect on
newtrophil regeneration was not observed. TPO also promi-
nently stimulated the erythroid lineage, an effect that oc-
curred very early after imadiation: exponential reticalocyte
regeneration started after the first week of treatment, 10 days
earlier than in placebo-treated controls. The reticulocyiosis
was followed by a normoblastosis accompanied by elevated
LDH serum levels, attributed to the rapid and probably inef-
ficient erythropoiesis. As a result, Hb levels and kematocrits
stabilized earlier at higher levels, However, in TPO-treated
menkeys, signs of a micrecytic hypochromic anemia became
apparent after the third week, supgesting depletion of iron
stores. En this study, the development of iren deficiency dur-
ing TPO treatment was directly confirmed, as was its correc-
tion by TM jron treatment and prevention by prophylactic
M iron,

The kinetics of serumn iren and TIBC displayed an initial

increase during the 2 weeks after TBI, which is explained
by a lack of iron utilization due te myelosuppression. This
increase is particularly prominent in the placebo-treated
monkeys, but is also statistically significant in the TPO-
treated monkeys {Table 1). The smaller increase of serum
iron measured on day 14 after TPO compared with the pla-
cebo controi levels is attributed to the early onset of erythro-
poietic reconstitution in TPQO-treated monkeys, The subse-
guent decline in serum iron and serum iron/TIBC is larger
in TPO-treated monkeys, resulting in very low levels and a
state of iron deficiency at the end of the observation period
of 6 weeks {Table 1) in TPO-treated monkeys. It is not
excluded that the iron deficiency essentially originated from
a precarious jron balance in rhesus monkeys, similar to hu-
mans, resulting in latent iron deficiency already present be-
fore radiation exposure. This is mere likely, since the MCV
in the animals before irradiation was 75 to 80 and increased
to 90 in the animal subjected to iron supplemeniation. The
latent jron deficiency may then be caused by diet, malabsorp-
tien due to the preirradiation antibiotic regimen, or some
other process related 1o iron absorption.

Three TPO-treated monkeys, 1wo without iren supplemen-
tation and ore provided with prephylactic IM iron before
TBI, were rechallenged with TPO in week 8 after TBI after
full recovery from myelosuppression, and showed a homoge-
reous stimulation of thromboeyte production. This indicated
that (1} the effect of TPO on thrombocytes is indepeadent
of iron status, since oaly the iron-pretreated monkey had a
demonstrated rormal iron status at that time point, and (2)
the variation of the TPO respense following TBI shouid not
be attributed to individual sensitivity of the animals 1o TPO.
Rather, this sheuld be atiributed to a variation in the number
of residual TPO tacget cells following TBI, possibly due 10
individual sensitivity to radiation. The rechallenge exped-
ments also demenstrated a differential reticulocyte response
lo TPQ early and late after TBI. Although the platelet re-
sponses were similar in m:agaitude, reticuloeyte responses
were much diminished upon rechallenge (Fig 5). This may
reflect either mudtiple target celis of TPO and/or involvement
of growth faciors other than TPO in the redculocyte re-
sponse, The magnitude of reticulocytosis upon rechallenge
was roughly inversely proportional to the Hhb level, indicat-
ing an effect codependent on erythropoietin,

ITron supplementation 1o twe anemic monkeys proved lo
be effective in treating anemia, Iron prophylaxis before TBI
completely prevented microcytic anemia and Hb levels
quickly retumned to normal, forther demonstrating the pro-
nounced effect of TPO on red blood cell recenstitution in
the initial phase after TBI.

Mulilineage effects, incleding the erythroid fineage, of
TPO have been shown in vitro and in vivo."™!""*'* In normal
mice and primates, TPO selectively stinulated thrombocyte
preduction, leaving other lireages unaffected. In myelosup-
pression models, multilineage effects were mainly of an ery-
throid nature,"**'? Since megakaryocytes are capable of re-
leasing varicus growth factors, ™! (he effect observed may
be an indirect consequence of stimulation of the megakaryo-
cytic lineage. This does ot exclude a direc? effect of TPQ,
since erythroid progenitors have been showa in vitro to be
directly stimutated by TPQ." The iron depletion of TPO-
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tecated monkeys is reminiscent of erythropoictin-induced
iron deficiency anemia in patients with end-stage renal faif-
ure.” A similar mechanism is proposed for the iron defi-
ciency anemia occerring in the present study. Supplementa-
tion of iron befere and careful monitoring during treatment
proved 1o be necessary for all patients receiving erythropaie-
tin, it is concluded that TPO therapy to countezact thrombo-
cytopenic states is highly effective to prevent thrombocyio-
penia, and that its bereficial effect on erythroid regeneration
may be hampered by iren depletion. Therefore, the iron sta-
tus should be carefully monitored in case of therapeutic TPQ
administration.
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The Efficacy of Single-Dose Administration of Thrombopoietin With
Coadministration of Either Granulocyte/Macrophage or Granulocyte
Colony-Stimulating Factor in Myelosuppressed Rhesus Monkeys

By Karen J. Neelis, Simone C.C. Hartong, Torstein Egeland, G. Roger Thomas, Dan L, Eaton,
and Gerard Wagemaker

Throamhopoietin (TPO) was evaluated for efficacy in a pla.
cebo-controfled study in rhesus monkeys with concurrant
administration of elther granufecylefmacrophage colony-
stimulating factor {GM-CSF} or granulocyte CSF, [G-CSF).
Rhesus monkeys were subjected to § Gy total-body irradia-
tion (TBI}, resulting in 3 wesks of profeund pancytopenia,
and received either TPO b pg/kg infravenously (iV) at day 1
{n = 4), GM-CSF 25 pg/kq subcutaneously [SC) for 14 days
{n = 4}, TPO and GM-CSF {n = 4], G-CSF 10 pg/kg/d SC for
14 days [n = 3), TPO and G-CSF {n = 4}, or placebo {carrier,
n = 4; historical controls, n = 8). Single-dose IV treatment
with TPO 1 day after TB! effectively counteracted the need
for thromboeyte transfusions {providad whenever thrombo-
cyte lovels ware <40 x 10°/L} and accelerated platelet recon-
stitution to normal fevels 2 weeks earlier than placebo con-
trols. TPO/GM-CSF was mora eflective than single-dose TPC
afone in stimulating thrombocyte regeneration, with a fess
profound nadir and a further accelerated recovery to normal
thrombocyte counts, as well as a slight overshoot to su-
pranormal levels of thrombocytes. Monkeys treated with
TPO/GM-CSF uniformly did not require thrombacyte trans-
fusions, whereas those treated with GM-CSF alene needed
two to thres transfusions, similar to the placebo-treated

DENTHICATION of thrombopoietin {TPO)"* as the ma-
jor regulator of thrombocyte production™ has resulted
in novel insights into the regulation of immature hematopei-
etic cell differentintion,” and has poteatially provided a ther-
apettic approech o counteract thrombocytopenic states, par-
ticularly those associated with intensive cytoreductive
treatment of malignancies. Its pharmaceutical development
for the latter application requires demonstration of
efficacy in experimental animal models alone and in con-
junction with other eyiokines. Tn view of the generally com-
plex receptor distribution patierns of growth facters,'"™" in-
teractions tesulting from concurrent administration of the
growth factors are difficali to predict by any approach other
than detailed experimental aninal in vivo studies. We have
presently focused on growth factors that are likely to be used
clinicatly with TPO, ie, granulocyte/macrophage colony-
stimulating factor (GM-CSF) und granuiocyte CSF (G-CSF).
In previous studies in myelosuppressed mice and rhesus
monkeys, a supraoptimal dose of human FPQ with or with-
out concurrent administration of G-CSF was found to pre-
vent thrombovcytopenia, aceelerate platelet aad red blood cedl
reconstitution, alleviate neutropenta, and promoete recovery
of immature bone marrow cells.'*' The latter observation
was unexpected, but was consisient with the demonstration
of TPO receptors on immature hematepoietic cells” and with
more recent reports on stimulation of immature cels by
TPO.* TPO also effectively promoted the neutrophil re-
sponse to G-CS8F, an effect thought to be mediated by TPO-
stimuluted bone marrow progenitor cell expansion.
Myetosuppression is a serious complication of current
chemotherapy regimens, resulting in life-threatening neutro-
peria and thrombocytopenia and harapering full deployment

monkeys, which required, on average, three transfusions.
Also, reticulocyte production was stimulated by TPO and
further augmented in monkeys treated with TPO/GM-CSF,
TPC alone did not stimulate neutrophil regeneration,
whereas GM-CSF shortened the period of neutrophil counts
less than 0.5 x 10°/L by approximately 1 week; TPO/GM-
CSF treatment elevated the neutrophil nadir, but did not
{urther accelerate recovery to nermat values. TPO also auge-
mented the neturophil response to G-CSF, resulting in simi-
{ar patterns of reconstitution following TPO/G-CSF and TPO/
GM-CSF treatment. TPO/GIM-CSF resvited in stgnificantly in-
creased reconstitution of CD34* bons marrow celfls and pro-
genitor cells such as GM-CFU and BFU-E. Adverse effects
of combining TPO with the CSFs were not observed, It is
concludad that {1} a single IV administration of TPO is suffi-
cient to prevent severe thrombocytapenia following myelo-
suppression, (2} TPO/G-CSF and TPO/GM-CSF treatment re-
sult in distinct response patterns, with TPO/GM-CSF being
superior to TPO/G-CSF in stimulating thrombocyte and
erythrocyte racovery while being equivalent in stimulating
neutrophit recovery; and {3) TPO significantly improves the
performance of CSFs in alleviating severe neutropenta.

O 1997 by The American Society of Hematology.

of anticancer therapy. Both G-CSF and GM-CSF ireatment
have become established therapy'”** (o alleviate the cylope-
nia, particularly the neutropenia resulting from intensive cy-
toreductive treatment.?' Although G-C8F and GM-CSF are
grossly similar in the pharmacentical profile,”'* GM-CSF
has advaatages in that it also stimulates megakaryceylo-
poiesis and monocyte differentiation.™" In addition, G-CSF
was found to dampen thromboeyte preduction, This was also
observed in a transplant model in thesus monkeys,” as well
as after TPQ and G-CSF treatment of irradiated mice.” The
beneficial effects of both GM-CSF and G-CSF on neutro-
penia following cytoreductive treatmeat are in most studies
restricted to approximately a 5-day eardier recovery, or less
in dose-intensified chemotherapy,”™* for a total median
neutropenia of about 20 to 25 days. It is therefore of consid-
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crable importance to select combinations of growth factors
that provide optimal costimulatory efficacy.

The study was undertaken (1) to explore the optien of
limiting the total dose of TPO, based on previous studies in
mice™ showing that a single administration of TPO might
be sufficient to prevent thrombocytopenia following cytore-
dugtive treatmeat; and (2) to compare concurent administra-
tion of TPO and GM-CSF versus TPO and G-CSF, and to
identify optimal growth factor therapy to counteract both
neutropenia and thrombocytopenia. The study invelved rhe-
sus monkeys exposed lo 5 Gy total-bedy irradintion (TBI},
which results in a profound pancytopenia for 3 weeks, and
use of an opiimal dose of TPO on the first day and G-CSF
or GM-CSF treatment for the first 14 consecutive days after
TBI, On-study parameters included, apant from blood cell
coupts, assessment of imiatare bone mamrow cells and mon-
itoring of adverse effects.

MATERIALS AND METHCDS

Anintds.  Purpose-bred male thesus monkeys (Mecacae mulutia)
weighiog 2.5 10 4.0 kg and aged 2 to 3 years were used. The monkeys
were housed in groups of 4 to & in stainless steel cages in reoms
with a eeverse-filtered air barrier, normal daylight chythm, and condi-
tioned to 20°C with a relative humidity of 70%. Animals were fed ad
Jibitum with commercial primate chow and fresh fruits and received
acidified drinking water. All animals were free of intestinal parasites
and wese seronzgative for herpes B, simian T-lymphottopic vimses
und simian immunodeficiency virus. The animal housing, experi-
ments, and all vther conditiens were approved by an ethics cornmit-
tee in confonmity with fegal segulations in The Netherlands.

FBI.  Morkeys were iradiated with a single dase of 5 Gy TBI
defivered by two opposing x-ray generalors operaling at a fube volt-
age of 300 kV and a current of 10 mA, The half-layer thickness was
3 mm Cu. The focus skin distance was 0.8 m and the sverage dose
gate 0.20 to 0.22 Gyimin. During TBI, the animals were placed in
a cylindrical polycacbonate cage that rotated slowly {ihres times per
minute) around its vertical axis.

Supportive care.  Two weeks before TBI, the menkeys were
placed in a Jaminar-flow cabinet, and the gastrointestinal tract was
selectively decontaminated by administering oral ciprofloxacin
(Bayer, Mijdrecht, The Netherlands), nystatin (Sanofi, Maassluis,
The Netherlands), and polymyxin B (Pfizer, New York, NY). This
regimen was supplemented with systemic antibiotics, in most cases
ticarcitlin {Beecham Pharmi, Amstelveen, The Nethedands) and ce-
furoxim (Glaxo, Zeist, The Netherlands), when fevkocyte counts
were less than 10%L. Guided by fecal bacleriograms, antibiotics
were continued unti [evkocyte counts increased 10 more than 1071,
Dehydration and electrolyte disturbances were ireated by appropriate
fluid and ¢lectzolyte administratior subcutanzously {SC). The mon-
keys received irradiated (15 Gy y-irradiation) platelet transfusions
whenever thrombacyte counts were Tess than 40 % 1071, packed
red blood cells whenever hematocrits were less than 205, and, occa-
sionally, whole-blood transfusions in ease of coincidence of both
transfusion criteria. The ceiterion of transfusion of thrombocytes at
counts less than 40 % [0%L was chosen because monkeys already
develop w propensity to petechiae and other hemorrhages at this
level. These are associzted with monality a1 the midieibal dose of
radiation used %

. Test drgs. Recombinant full-length rhesus monkey TPO pro-
duced by Chinese hamster ovary cells was supplied by Genentech
Inc (South San Francisco, CA). The dose used was 0.5, §, or 50 ng/
kg IV on day 1 after TBI. The dose was diluted to a volume of 1
ml. with phosphate-buffered saline (PBSY0.H1% Tween 20 before

administeation. Placebo-treated menkeys were only given the same
volume of diluent. Recombinant humman G-CSF (Neupogen; Amgen
Ene, Thousand Qaks, CA) was administered at a dose of 19 pgikg/
d SC once daily during days 1 to 14 after TBL. Recombinant human
GM-CSF (Leukine; Immunex Coip, Seattie, WA) was given at a
dose of 25 ppke/d SC ence daily during days 1 1o 14 after TBL
Fhe daily doses were diluted to 2 volums of 1 mL in the solutien
indicated by the suppliers.

TPO levels.  Serum for measurement of TPO levels was sampled
from the monkeys 24 hours after cytokine administratien and steced
at —20°C. A fulf deseription of the TPO enzyme-linked immunoser-
bent assay (ELTSA) has been reported elsewhere S Brielty, ELISA
plates were incubated ovemight at 4°C with 2 pg/mL rabbit F(ab')2
to human 1gG Fe (Jackson bamunoResearch, West Grove, PA) and
2 hours at foem lemperature with conditioned medium containing
100 ng/mL mpl-1gG.' Twolold seral dilutions of samples {starting
at 1:10) and standards (recombinaat full-length human and/er thesus
TPQ) were added ta wells and incubated for 1 hour. Beund TPO
was detected using biotinylated rabbit antibody to full-fength human
TPO (Genentech), followed by peroxidase-labeled streptavidin. The
range of the assay for shesus serum samples is 0.32 to 10 ng/mL
TPO, The assay preferentialiy detects active full-length TPO, rhesus
TPO equally as well as human TPO, and correlates well with a
bioassay using the megakaryoblastic HU-3 cell line.

Study groups.  Monkeys were randomly assigned to the freatment
groups and received ejther rhesus TPO 1V on day | after TBl at a
dose of 5 pg/kg (n = 4), 0.5 pgikeg (n = 2), or 50 pgfke (n = 1),
GM-CSF at a dose of 25 pg/kg/d SC from days 1 to 14 (n = 4),
TPO and GM-CSF (TPO/GM-CSF, n = 4), G-CSF at a dose of 10
pg/kgid SC {n = 3), TPO and G-CSF (TPO/G-CSF, n = 4), or
placeba (n = 4; historical controls, n = 8), The TPO dose of 5 pp/
kg on day | after TBI was administered to the monkeys that also
received GM-CSF or G-CSF SC for 14 consecutive days.

RBone marrow aspivates.  Bone marmow was aspirated under neu-
roleptic anesthesia vsing Ketatar (Apharme, Amhem, The Nether-
lands) and Veteanquil (Sanofi, Maasslujs, The Netherlands). Small
bone marrow aspirates for analytical purposes were taken from the
shaft of the humerus using pediatric spinal needles and collected in
bottles contairing 2 mE Hanks bufiered HEPES solution (HHBS}
with sedivm heparin 200 IU ml. (Leo Pharmaceutical Products,
Weesp, The Netherlands), Low-density cells were isolated using
Ficoll separation (density = 1077 Nycomed Pharma, Oslo, Nor-
way}.

Colony assays.  Cells were plated in 35-mm dishes (Becton Dick-
nson, Letden, The Netherlands) in 1 ml, a-DMEM (GEBCO, Guith-
ersburg, MD} containing 0.8 methylcellulose, 5¢% fetal calf serum
[FCS), and additives as described previously.™ ™ For burst-forming
unils—erythroid (BFU-E), cullures were supptemented with hemin (2
X 10! mol/L), humian recombinant erythropetetin (4 U/ml; Behring,
Germany), and Kit gand ((KL) 100 ngfmk.: kindly provided by
Dz 8. Gillis, Tmmunex, Scattle, WA). For granulecyte/macrophage
colony-forming units (GM-CFU), culivres were supplemenmed with
tecombinant human GM-CSF (5 ng/nL; Behring), recombirant rhe-
sus monkey intecfeukin-3 (30 ngfmL) produced in Beeifius Hokeni-
fornis and purified as described previously,™” and X1.. Low-density
cells were plated at 5 % 10" per dish in duplicate. Celony counts
were caleulated per midiliter of bone marcow aspisated using the
recovery of cells over the Ficoll density gradient. Celony numbers
represent the mean = 8D of bone marmew samples of individual
monkeys. .

Hematologic examinations.  Complete blood cell counts were
measured daify using a Sysmex F-300 hematology analyzer (Toa
Medical Elevtronics Co, Kobe, Japan). 'The differential of the nucle-
ated cells was determined by standard counting after May-Griinwald-
Giemsa staining. For reticulocyte measurements, 5 pL EDTA blood
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10000 1

thrombocytes (x109/1)

time (day)

Fig 1. Thrombocyte counts after & Gy TB1 [day 0) for monkeys
treated with TPO 5 pg (W, n = 4}, TPO 50 g (D), TPO 06 pg (O n
= 2}, and the concurrent placebo {egatment (A, n = 4), The lower
sheded area represents tha mean = SD of 12 control monkeys; the
vpper shaded area is the mean * 5D of 4 monkeys freated with
human TPO for 21 days after irradiation, Data represent the arithme-
tic mean = S of the vatious treafment groups. The horizontal line
defines tha lavel of thrombocytopenfa {40 x 10%L) below which
thrombotyte transfusions ara given.

was diluled in 1 mi PBS/EDTAfazide and 1 ml. thiazole orange
dilution was added. using thiazole at a final concentration of 0.5 pg/
mi. Measurements were made on @ FACScan (Becton Dickinson,
Leiden, The Netherlands) and analyzed using the Reticount software.

Measuremteni of surface antixens.  Once weekly, o FACScan
unalysis was made on pesipheral blood and bore martow samples
on the following surface antigens: CDY, CD4, CD20, CD11b, CD56,
CD16, and N34, Directly Jabeled monoclonai antibodies {MoAbs)
were used for CD3, CD4, CD20, CD56, and €D14 (Leu 2a-ATC,
1.2u 3a-PE, Lew 18-PE, Leu 19-PE, and leu | 1aFITC {Becton Dick-
insen), respectively). ¥or CDLIb, the MoAb MOL-FITC {(Coulter
Immunology, Hialeah, FL) was used, and for CD34, an MeAb
against human D34 (MoAb 566) that had been fAuoresceinated
with FITC (8igma, 8t Louis, MO) according to standard procedures,
Whole blood or bone marraw {0.5 mL) was lysed in 1O mL lysing
solution (8.26 g ammonium chloride, 1.0 g potassivm bicarbonate,
and 0037 g EDTA per liter) for 10 minutes at 4°C. Afer lysis, the
vells were washed bwice with HHBS containing 2% FCS and 0.85%
{wHvoly sodivns azide (HFN). The cells were resuspended in 100
p#L HFN containing 2% normal monkey serum to prevent aspecific
binding of the MoAbs. MuAbs were added in a volume of 5 pL und
incubated for 30 minutes on ice. Afier two washes, the cells were

measured on the flow cytometer. Ungated list-mods: data were col-
fected for 10,080 cvents and analyzed using the Lysis 1F software
(Bector Dickinson).

Statistics.  Standard deviations were calcufated and are presented
in the text and figures on the assumption of a normal distibution,
The significance of differences was calculated by Fisher's exact test
for categorical data, and for continuous data by a one-way analysis
of variance fellowed by a nonpaired Student’s #-test.

RESULTS

Daose of rhesus monkey TPO and pattern of thrombocyte
reconsfitution.  Based on data in normal monkeys* and ex-
trapolation of doses used in mice,” as well as the supraopti-
mal dose of 10 pgfkg human TPO in a previous siudy,"” a
single IV dose of 5 ppfkg rhesus monkey TPO ai day | after
TBI was coensidercd optimal. The thrombocyte regeneration
of four monkeys treated in this way is shown in Fig 1 in
compurison te placebo controls and the previous data on
human TPO administered for 21 consecutive days at a dose
of 10 pg/kgld. The data for the four concurrent centrol mon-
keys have been incladed in Fig 1 in addition 1o the eight
historical controls; significant differences were not observed
in the regeneration patterns of any of the bleed cell lineages
between these groups of controls. The single-dose treatment
was effective in that the four TPO-treated monkeys needed
only twao thremboceyte transfusiens (ong in each of two mon-
keys), as opposed to the four concurrent placebo controls,
which needed a total of 13 transfusions (mean, 3; range, 1
to 6} since their thrombocytes had decreased 10 less than 40
X 10%L; this is statisticalty significant (P < .04; Table 1),
In addition, TPO-treated monkeys displayed a clearly accel-
erated thrombocyte reconstitution aad reached aormal
thrombocyte levels 2 weeks before the placebo-(reated con-
trols (P < 03).

To validate the choive of the dose of 5 pgfke IV funher,
one monkey wus treated with a 10-fold higher dose and two
monkeys with a 10-fold lower dose. The resubs are also
presented in Fig 1. Rhesus monkey TPO at the single dose
of 50 pgfkg IV was effective in preventing thrombocyte
transfusions, with u nadir for thrombocytes of 75 X 1071
at day 13, Thrombocyte reconstitution following this dose
precisely coincided with the mean values for monkeys
treated with the 5-pg/kg dose, on which basts we considered
that the latter dose provided the maximal stimulation to be
expecied from a single administration of TPO | day after
TBE Monkeys treated with 0.5 ggfkg both had nadies lower

Table 1. Transfuston Requirements and Blood Cell Regeneration After 5 Gy TBE and Growth Factor Treatment

Mo, of No. of Thrombocoytes Reticulocyles Neutrephils
Treatment Monkeys Transfusions >40 x 161 {d} =15 ) =05 % 10%L fd)

TPO 4 00173 NA 14.2 » 3.6% 215 £ 2.4
TPQ + GM-CSF 4 8,0,0,0* NA 105 = 1.7* 145 = 2.6*
TPO + G-CSF 4 0/0/1,0% NA 132426 14.2 £ 12°
GM-CSF 4 312242 13.2 + 1.7 62 = 2.5 177 £ 2.2*
G-CSF 3 11211 133+ 16 173 2086 197 + 3.2
Placebo 4 36733 196+ 7.0 205+ 2.1 225 = 2.4

Data for individual monkays or the mean = SD are shown,

Abbreviation: NA, rot applicable, ie, fevel <40 = 10°L not reached in the majority of monkays.
* Statistically significantly different fram placebo-treated monkeys (P < .05).
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than 40 X 10°/L, and needed one and twa thrombocyte trans-
fusions, respectively, providing a further validation of the
dose of 5 pgfkg as being close to the minimum required for
a maximal response.

TPQ levels. TPO levels were measured in serum col-
lected 24 heurs after cytokine administration {day 2 after
irradiation), and for some monkeys also in samples taken
later in the first week after irradiation. Levels measured were
1.9 * 0.5 ng/mL for TPO-treated monkeys and 2.5 + 0.4
for monkeys treated with TPO and G-CSF or GM-CSF; this
difference is not significant. TPO levels were not different
for monkeys treated simultaneously with either TPO/G-CSF
or TPO/GM-CSF. Levels at day 3 or 4 were just above the
detection limit of the assay (31.2 pg/mL in a 1:10 dilution)
at about (14 ng/mL in some menkeys, and below the detec-
tion lirmdt in others.

Comparison of peripheral blood cell connts in monkeys
treated with TPO/GM-CSF and TPO/G-CSF, In contrast
to monkeys treated with TPO alone, of which two needed a
single thrombocyte transfusion, monkeys treated with TPO/
GM-CSF remained completely transfusion-free and showed
an even more eievated nadir, with two of four nwounkeys
never reaching thromboeyte levels less than 100 X 10°L.

1000

1004

1000

thrombocytes (x109/)

G-CSF
10 T T T T T T

time (day)

Fig 2. Thrombocyte counts after 5 Gy T8I {day 0) for monkeys
tzeated with TPQ (W, n = 4), TPO/GIM-CSF |4, n = 4), or GM-CSF (O,
n = 4] in the upper panel and TPO/G-CSF {4, n = 4} or G-CSE [, n
= 3) in the lower panel. Data represent the arithmetic mean = SD of
the vasious treatment groups. The herizontal line defines the level
of thrambocytopenla {40 x 10%/1} below which thrombocyte transfu-
slons are given.
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Fig 3. Reticulocyte regeneration after 5 Gy T8I {day 81. Symbols
are as in Fig 2. Tha horizantal line defines the level of 1%, a regenera-
tion nyarker.

Recovery to normal values was aceelerated by 23 days conn-
pared with placebo-treated monkeys (P < .003), and an
gvershool (o supranormal vahees was apparent, which re-
turned to normal values after cessation of GM-CSF treatment
(Fig 2). Monkeys treated with TPO/G-CSF had a thrombo-
cyle regereration pattern identical to that of the monkeys
treated with TPO zlone, and one of the four monkeys needed
a thrombecyte transfusion. Monkeys treated with GM-CSF
or G-CSF alone all needed one to three transfusions. Al-
though there was no significant difference versus the pla-
cebo-treated controls in the nadir and transfusion reguire-
ment, the subsequent thrombocyte regeneration was faster
than that of the placcbo contrals for both G-CSF— and GM-
CSF-ireated menkeys (Fig 2).

Reticulocyte regeneration to values more than [% oc-
curred approximately | week earlier in TPO-treated monkey's
than in placebo-treated controls (P < .03) and showed a
biphasic response (Fig 3). Again, TPO/G-CSF was similar
to TPO alone, whereas TPO/GM-CSF was more effective,
further aecelerating the reconstitution by 4 days. GM-CSF
alone also slightly accelerated reticulocyte regeneration by
4 days (P < .04) and G-CSF alone by 3 days (Fig 3). This
pattern was also reflected in the recovery of red bleod cell
counts after the initial decline, which is largely due to diag-
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100

neutrophils (x109/)

time {day)

Fig4. Neutraphil regeneration after 5 Gy T81 {day 0). Symbols are
as in Fig 2. The horizontal line delines the level of 0.5 x 10°%/L.

nostic bleeding, with TPO/GM-CSF monkeys being the fast-
est to recover (data not shown).

Neutrophil reconstitution for TPO-treated monkeys was
within the range of that for placebo-treated monkeys, with
recovery to levels more than 0.5 10%1. oceurring at about day
21 (¥ig 4). Both TPO/GM-CSF and TPO/G-CSF treatment
elevated the neutrephil nadir, reftecting an accelerated recov-
ery to reach levels more than 0.5 X 1071 | week earlier
than ‘FPO and placeba treatment. Recovery to nermal values
was slightly more proacunced in menkeys treited with TRPO/
G-CSF versus TPO/GM-CSF, but the difference did not
reach statistical significance, Monkeys treated with G-CSF
alore and GM-CSF alone had similar neutrophil recovery
patterns, reaching levels more than 0.5 X 10°/L 5 days before
placebo-treated monkeys {P < .03, Fig 4}. Treatmeat with
C8Fs resulted in a slightly earlier bul not detectably less
profound nrewtrophil nadir,

Trunsfusion data and regeneration parameters are supmna-
rized in Table 1, which shows tat the TPO, TPO/GM-CSF,
and TPO/G-CSF monkey groups are all significantly differ-
ent in transfusicn requirements versus the placebo coatrols,
In addition, the TPO/GM-CSF grovp differed significantly
from the GM-CSF group in trunsfusion requirement {P <
.003), tut not from the TPO-treated group (P = .13).

White blond cell subsets measured by flow cytometry.
Flow cytometry was performed on Iysed peripheral blowd
cell samples 10 assess regeneration of several subsets of

white blood cells. CIM 1b* cells, represeating granulocytes
and monocytes, showed a pattern similar to nentrophil regen-
eration, in which both TPO/G-CSF— and TPO/GM-CSF--
treuted monkeys had w higher nadir and aa accelerated recov-
ery to normal vatues. Placebo-treated monkeys recovered to
the lower range of baseline levels at day 28, TPO-treated
monkeys at day 21, TPO/G-CSF—treated monkeys at day
14, and TPO/GM-CSF - treated monkeys at day 7. G-CSF-
alone— and GM-CSF-alone—ireated monkeys recovered
similarly to TPO/GM-CSF—treated nyonkeys, but had a more
profound nadir. The ditference between TPO-alene and pha-
cebo-treated monkeys could be atributed to a more rapid
menocyle regencration (data not shawn) and not 1o differ-
ences in neutrophil regeneration {Fig ).

CDS3" lymphocytes recovered to normal levels within the
abservation period of 6 weeks in atl treatment groups witheut
significant differences, All animals had subnormal levels of
CD4* T lymphocytes and CD20" B lymphocytes at the ead
of the observation pericd. These levels were not significantly
different between the various treatment groups (duta not
shown),

RBone marrow ceiludarity and progenitor cell content.
Bone marrow aspirations were performed before TBI and
once weekly thereafter. Celiudarity was very low in the first
week after TBI in ull meonkeys, rot yielding sufficient nem-
bers of cells to perform colony assays. Two weeks after
irradiation, both TPO/G-CSF and TPOYGM-CSF monkeys
staricd to show repopulation of the bone marrow. Three
weeks after TBI, all treatment groups except for placebo-
treated monkeys had normal bone marrow cellularity. Pla-
ceho-treated monkeys did rot have near-normal cell numbers
until week 4 after TBI. The stimulating effect of the single
zdministration of 5 pgfkg TPO on bone marrow cellularity
and CD34* cell and clonogenic progenitor cell recovery was
considerably less prominent than reported in the previous
"TPOIG-CSFstudy using the same myelosuppression model*™
for the human TPO dose of 10 pg/ke/d administered for 21
consecutive days after TBI. This is understandable, since the
total TPO dose is much lower. Sipve the variance of this
type of data is nevitably large due to variations of bone
marrow content ai the puncture site and admixture with pe-
ripheral blood cells, we present only the mest relevarl data,
ie, those obtained in the TPO/GM-CSF group of monkeys
for CD34* cells at day 15 and for GM-CFU and BFU-E at
day 22 after TBI (Fig 5). At day 15 after TBI, CD34* cell
numbezs significantly exceeded those of placebo controls in
the TPO/GM-CSF (P < .03; Fig 3) and G-CSF (¥ < .0f;
not shown) treatment groups. For GM-CFU, only the TPO/
GM-CSF group significantly exceeded (P < .01) the placebo
controls by approximately [ log at day 22 after TBI (Fig 5).
The TPO/GM-CSF group was also richer in GM-CFU than
animals treaied with GM-CSF alone (£ < .04), underscoring
the significant impact of TPO if combined with GM-CSF,
As for BFU-E, similur putterns were observed, with only the
TPO/GM-CSF treatment group doing significantly (£ < .02)
better than the placeba controls (Fig 5).

Other study parameters and febrite episodes.  No abror-
malities were observed for most of the serum clinical chemis-
tey. Albumin concentrations were stable at about 40 g/,
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except for GM-CSF monkeys, which developed edema (vide
infra). Electrolyte disturbances due to gastrointestinal radia-
tion damage were minor during the first week after TBL The
liver enzymes atkaline phosphatase, ALAT, and ASAT also
showed onty minor changes, The number of febrile episodes
(axillary temperature >40°C) was 5.3 = 3.4 days, with no
significant differences between the various treatment groups,
although TPO/GM-CSF and TPO/G-CSF monkeys tended
to have more febrile days. There was no assoctation berween
febrile episodes und C reactive protein (CRP) levels.

Adverse effects af growth factor treatment.  Two of four
GM-CSF—reated meonkeys develeped generalized edema
ascribed to capillary [eakage, which resolved following dis-
continwation of GM-CSF. In comparison to the other 26
consecutive monkeys that did not receive GM-CSF, the phe-
nomencon proved statistically significast (P = .02, Fisher's
exact test). None of four TPO/GM-CSF—treated monkeys
developed edema; the difference with the GM-CSF—trested
monkeys is statistically noasignificant. Apart from slight lo-
cal rritation at the injection site of GM-CSF and to a lesser
extent af that of G-CSF, other adverse effects were not ob-
served.

DISCUSSION

The present preclinical evaluation demenstrates that 2 sin-
gle IV dose of TPO administered [ day afier & myelosuppres-
sive dose of radiation that resulls in 3 weeks of cylopenia
in placebo-treated controls is sufficient 1o virtually prevent
the need for thrombocyte transfusions and to accelerate
thrombacyte reconstitution to normal levels by 2 weeks, Fus-
thermore, the results demonstrate that TPO/GM-CSF and
TPO/G-CSF treatment display distinct response patterns
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Fig 5. Bone marrow CD34* cells and GM-CFU 2 and 3 weeks after
5 Gy T8I, respectively lazithmetic mean * SE). Since the variance of
this type of datum Is ingvitably farge due 1o varistions of bene mar-
row conient at the puncture site and admixture with paripheral blood
cells, In addition fo possible variations in radiation sensitivity and
exponential reconstitution, the other groups did not show sigaificant
differences versus the pfzcebo controls,

among three major peripheral blood cetl types. Coadminis-
tration of TPO/GM-CSF augmented thrombocyte, red blood
cell, and nevtrophil prodection over either of the individual
growth factors afone, whereas in the TPO/G-CSF group only
neutrophil reconstitution appeared to benefit from the combi-
nution of growth factors.

The observation that a single 1V dose of TPO shortly after
intensive cytoreductive treatment is sufficient to significantly
atleviate the course of thrombocytopenia is of considerable
practical and clinical imporiance, The finding is consistent
with the data in mice,” with the kinetics of TPO-stimutated
thrombocyte reconstitution in nonhuman primites indicating,
a very early action of TPO,'*" and with the decline in re-
sponse when TPO administration is defayed.* These studies
all point to a critical time phase early after TBT during which
TPO has to be administered to achicve an optimal response.
This could be explained by a decline in the number of bone
marrow TPO-responsive target cells as a function of time
after irmadiation, possibly due to the absence of sufficiently
high concentrations of TPO. This may be due (o either pre-
vention of plysiotogic death or apoptosis in the presence of
TPO similar to that identified for erythropoietin and red
blood cell progenitors,™* or protection of TPO-responsive
progenitors from radiation-induced cell death by TPC: Eluci-
datien of such mechanisms not only will provide further
insight into the physiologic function of TPO, but also will be
of conslderable importance to achieve the maximum clinical
benefit of its therapeutic use. Ahhough the daia show thai
a single TV dose of 5 pg/kg TPO is sufficieat 1o prevent
thrombocytopenia at the level of myelosuppression chosen,
this finding does not preclude that clinical cytoreductive ther-
apy 1equires a mere inlensive TPO treatment reginmen.

A central issue of TPO treatment is prevention of bleeding
as a consequence of myelosuppression. Qur policy to trans-
fuse donor thromboceytes at a level of 40 X HA. coincides
with the first appearance of petechiae and other bleeding,
and was chosen to prevent undue deaths due o hemorrhage.
For ebvious reasons, this level is kigher than used for hurnan
patients where instructions can be given to the patients and
sensitizatien to alloantigens should be avoided. However,
as can be extrapolated from the postirradiation decrease in
thrombocyle counts after the first week and the first as-
cending counts in the third weck afier TBE in placebo-ireated
monkeys, without transfusions, the thrombocytes would
have decreased to levels less than 10 X 10%L within 2 days
after the first teansfusion (Fig 1). It caa thus be concluded
that TPO treatment that prevented the decline of thrombocyte
counts o levels less than 40 X 10%L early in the second week
after irradiation also effectively prevented the propensity to
bleeding (Fig 1).

Administration of TPO/GM-CSF proved 1o be superior to
all other growth factors or combinations of growth factors
studied for stimulating thromboeyte reconstitution. GM-CSF
alone did not influence the thrombocyte nadir or significantly
reduce the need for thrombocyte franstusions, However, it
was as effective as the single administration of TPO alone
in stimulating post sadir tkrombocyle production. The aug-
mented thrombocyte reconstitution of the TPO/GM-CSF
monkeys may reflect synezgism of the two growth factors,
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since the initial recovery of bath thrombocytes {Fig 2) and
reticdocytes (Fig 3) in the TPO/GM-CSF group exceeded
the sum of those in the monkeys treated with either of the
growth fuctors alone. A stimulatory action of GM-CSF on
megakaryocytes resulting in increased thrembocyte produc-
tion has been described in normal nonhuman primates,™*
although the resulis of in vivo reatment with GM-CSF on
thrombocyte recoastituiion after cylotoxic insult o the bone
marrow have always been heterogenous®™™* and, in retro-
spect, may have been codependent on varfations in endoge-
nous TPO levels. From TPO tevels measured 24 hours after
injectien, we could not conclude that there was & major
change in TPO pharmacokinetics due to coadministeation of
(GM-CSF as a basis for the augmented recovery of thrombo-
cytes. The same observation was made for G-CSF. Surpris-
ingly, the 10-ug/kg/d dose {fer 2 weeks) of G-CSF also
appeared 10 stimulate thrombocyte production to a certain
extent, in contrast 1o the 5-gefkg/d dose (for 3 weeks), which
was used in a previous study in the same nenhuman primate
model," but the resule is consistent with that in a similar
model in which 10 pg/kgfd was also used.™ We previcusly
observed, in the same myelosuppression model as used here,
a dampening effect of G-CSF on 'TPO-stimulated supranor-
mal thrombocyle production.™ This was also seen in mice."
Meanwhile, in a tansplant model in rhesus monkeys involy-
ing 8 Gy TBI followed by infusion of highly purified stem
cells, protracted thrombocytopeniu significantly related to G-
CSF treatment was encountered in a few cases.”® The re-
ported effects of G-CS¥F on thromboeyte production are am-
biguous: most reports mention no effects at all,"™***' some
a positive effect,”™ and others a negative effect.™™ The
cavses of the variable reaction of thrombocytes to G-CSF
treatment are not elucidated and may be governed by com-
plex mechanisms; it should be noted that G-CSF receptors
are present on thrombecytes.™ We conclade provisiorally
that combining TPO and G-CSF treatment may have a vari-
able, as-yet-unpredictable, and occasionally adverse out-
come.

TPO avgmented the noutrophil reconstitution stimutated
by GM-CSF as well as G-C5¥, which might be of consider-
able clinical signiticance, since in the reported clinical wials
the effects of the CSFs in gencral have been modes(, 25+
similar to the resulis presented here in a preclinical nonku-
man primate model, In particelar, the nevirophil nadir ap-
peared to be greatly improved in TPO/CSF-treated animals.
G-CSF or GM-CSF treatment alone did not appreciably in-
fluence the neutrophil nadir, but accelerated regeneration
afterward with a time course similar to that for clinically
acceptable neutrophil counts. We attributed the advanta-
geous effect of TPO 1o cxpansion of immatere cells along
mudtiple hematopoietic fireages,”'* thus making more G-
or GM-CSF target cells available for myefopoicsis. From
the kinetics of neutrophil reconstitution, it is also apparent
that the effect originates from stimuluion af an early stage
after TBI (Fig 4).

The slighily more rapif reconstitution of neuteophils fol-
lowing TPO/G-CSF udministration should be  weighed
against (he reported dampening effect of G-CSIF treatment
on thrombocyte recovery,'™" although this efferr was not

apparent in the present study. Howevez, the greater target celi
range of the TPO/GM-CSF combination should be balanced
against the stightly higher incidence of reported adverse ef-
fects of GM-CSF, 2% as also seen in the present study. The
development of edema in two monkeys {reated with Gh-
CSF was an unwanted adverse effect of the cylokine ireal-
ment, a rare event that has been previously zeperted, albeit
only at higher doses of GM-CSF. ™ For as-yet-unex-
plained reasons, edema was not observed in monkeys treated
with TPO/GM-CSF; however, this difference is not statisti-
cally significant. Apart from stimulaticn of thrombocyte pro-
duction, a prominent feature of TPO administration is the
accelerated reconstitution of immatuse bone marrow cells,
consistent with the presence of TPO receptors and stimula-
tory effects in vitro,™ Accelerated recovery of bone marrow
cellularity, CD34* cells, and clenogenic progenitor cells
such as GM-CFU and BFU-E following supraoptimal TPO
treatment has been reported previously. ' " The present study
with a much more limited TPQ dose confirmed these data
and demonstrated that the effect is reinforced by combining
TPO with GM-CSF. This places TPO among the few growih
factors that can presently be safely used clinically to promote
the recovery of immature bore marrow cells in an early
stage after cytoreductive therapy without notable adverse
effects. As a direct implication, the future development of
TPO treatment regimens in the clinic should be directed not
only at optimial thrombocyte recovery but also at the most
optimal reconstitetion of immature bene marrow cells.
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Ahstract

The efficacy of recombinant human thrombopoietin (TPQ)
and recombinant human granulocyte colony stimulating fac-
tor {G-CSF) in stimulating platelet and neutrophil recovery
was evaluated in a placebo-contrelled swdy involving trans
plantation of limited numbers {1-3%10%kg} of highly puri-
fied autologous stem cells (CD347/RhHLA-DR™) into rhesus
monkeys after the animals were subjected to 8 Gy of total
body irradiation (TBI) {x-rays). The grafts shortened profound
TBl-induced pancytopenia from 5 to 6 weeks to 3 weeks. Daily
subcutaneous (sc) injection of TPO {10 pg/kg/day, days 1-21
after TBI) did not stmulate platelet regeneration after trans.
plantation etther alone or in combination with G-CSF (5
pgfkg/day sc, days 1-21 after TBI). G-CSF reatment falled to
prevent neutrcpenia in the monkeys and did not stimulate
recovery to normal neutrophil levels. Simultaneous adminis-
tratlon of TPO and G-CSF did not influence the observed
recovery patterns. To test the hypothesis that the limited
number of cells ransplanted or the subset chosen was respon-
sible for the lack of effectiveness of TPO, three additicnal
monkeys were transplanted with 107/kg unfractionated autol-
ogous bone marow celis. Two of these animals received TPO
and the other served as a control. In this setting, as wel, TPO
treatment did not prevent thrombocytopenia, This study
demonstrates that treatment with TPO does not accelerate
platelet reconstitution from transplanted stem cells after high-
dose T8I These findings contrast with the rapid TPO-stimuy-
lated platelet recovery in myelosuppression induced by 5 Gy
of TBI tn rhesus monkeys: we conclude from this that the
clinical effectiveness of the TPO response depends on the
avallability of TPO target <els in the first week after TB, that
is. before endogenous TPO tevels reach the saturation point.
In addition, protracied isolated thrombocytopenia was
observed In two G-CSF-treated monkeys, one of which ako
received TPO. Furthermore, TPO treatment for 7 days in the
Gth week after T8I during severe thrombocytopenia in one
monkey praduced prompl clinical improvement and an
Increase in platelet counts.

Key words: Thrombopoletin—Bone marrow transplantation
—Total body iradialon—CD34" stem cell
subset—Rhesus monkeys

Introduction

Thrombopoletin (TPO}, the ligand for the receptor encoded
by the protooncogene c-mipl, was first identified and its gene
cloned in 1984 11-3]. Since blood TPO levels are inversely
related to platelet counts [1-3}, and mice lacking elther the
receptor for TPO or tize ligand are severely thrombocytopenic
[4.5], TPQ is considered the major regulator of platelet pro-
ducilon. Administration of recombinant TPO to noermal
experimental animals fas shown it to be a potent throm-
bopoietic agenat [2,6,7]. TPO has also been tested in several
myelosuppression models in mice [6,8,9] and shown to be
effective in accelerating platelet reconstitution as well as in
preventing morbidity caused by bleeding. TPO was not effec-
tive after myeloablative treatment and bone marrow trans-
plantation (BMT) in a syngenelc mouse model, whereas
marrow from donors pretreated with TPO showed augmented
regeneration of platelet numbers [10].

One of the likely clinical uses of TPO will be as a stimula-
tor of hematopoietic reconstifution following autologous or
allogeneic BMT. It is hoped that TPQ wili accelerate early
reconstitution as well as counteract protracied thrombocy-
topenla, which is especially common in patients subjected to
prior chemotherapy for lexkemia. The use and efflcacy of
granulocyte colony-stimulating factor (G-CSF) as & slngle
growth factor 1o stimulate neutrophil recovery has been
described extensively in several animal models and has been
confirmed by clinical trials {11-15L

Preciinical evaluation of TPO and other growth factors
requires testing in large animal models such as rhesus mon-
keys. In the present study we examined the simultaneous
administration of TPO and G-CSF to assess their synergistic
efficacy and possible stimulatory and/or adverse interactions.
The setting chosen involved transplantation of limited num-
bers of the immature RhLA-DR*" subset of autologous CD34°
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[16,17] cells following 8 Gy of TBI in rhesus monkeys. A stem
cell graft of this small size after high-dose TBI allows investl-
gators to determine the lower limit of residual hematopoietic
stem cell numbers, which pezmit stimulation of blood cell
formation by hematopoietic growth factors [18]. as well as to
test for the capacity of a growth factor 1o accelerate peripher-
al blood cell reconstitution from immature hematopoietic
ster cells. The dose of TPQ was chosen based on previous
dose finding studies in mice and experiments in noermal
monkeys [19], and because it proved highly effective in pre-
venting thrombocytopenta after radiation-taduced myelosup-
pression in rhesus monkeys [20]. The latter study also
showed tiat TPO treatment augmented the G-CSF response
and accelerated immature bone marrow cell recovery. In the
present study we attempted to extend these previous findings
and to further define the potenttal efficacy of TPQ therapy in
the clinical setting.

Materials and methods

Animals

Purpose-bred male rhwesus monkeys (Macaca mulatta), weigh-
ing 2.5 to 4.0 kilograms each and aged 2 to 3 years were used
in this study. The monkeys were housed in groups of 4 to 6 in
stainless steel cages In reoms equipped with a reverse-filiered
air barrier. provided with normal daylight thythm. and condi-
tioned 1o 20°C with a relative humidity of 70%. Animals were
allowed free access to cormmercially avallable primate chow,
fresh frults, and acidified drinking water. All anirnals were free
of intestirtal parasites and seronegative for herpes B, simian T-
lymphwotrephic viruses (STLV), and simian immunodeficiency
virus {$1V). Housing. experiments, and all other conditions
were approved by an ethics committee in accordance with
legal regutations in The Netherlands.

Tolal body irradiation

After aspiration of bone marrow., monkeys were irradiated
with a single 8-Gy dose TBi delivered by two opposing x-ray
generators operating at a tube voltage of 300 kV and a current
of 10 mA. The half-layer thickness was 3 min Cu. The focus
skin distance was 0 8 m and the average dose zate 0.20 to .22
Gy/minute. During TBI. the animals were placed in a cylindri-
cal polycarhonate cage which rotated sfowly (three
times/minute) around its vertical axis.

Supportive care

Two weeks before TBI, the monkeys were placed in a laninac
flow cabinet and their gastrointestinal tracts were selectively
decontaminated by administration of oral ciprofloxacin
{Bayer, Mijdrecht, The Netherlands), nystatin (Sanofli BV,
Maassluis, The Netherlands), and polymyxin B (Pfizer, New
York, NY). When leukocyte counts dropped below 10%L, this
regimen was supplemented with systemic antiblotic medica-
tions, in most cases a combination of ticarciltin {Beecham
Pharma, Amstelveen, The Netherlands) and cefuroxim
{Glaxo. Zeist, The Netherfands); this antibiotic regimen,
which was guided by fecal bacterjograms, was continued
until leukocyle counts rose to levels >10%L. Dehydratien and
electrolyte disturbances were treated by appropriate sc fluid

and electrolyte injection. The monkeys received jrradiated
{15 Gy) platelet transfusions whenever platelet counts
reached values below 40X 10%L and irradiated packed red
cells whenever hematocrit levels declined below 20%: in
those instances in which platelet counts and hematoceit lev-
els were found to be simultaneously decreased, whale bleod
transfusions were administered.

Test drugs

One-milliliter vials containing 0.5 mg/mL recombinant
human TPO were supplied by Genentech Ine, (South San
Feancisco, CA). The dosage used was [0 pg/kg/day, adminis-
tered by sc injection once per day from day 1 to day 21 postir-
radiation. The daily doses were diluted to a volume of 1 mL
with phosphate-bulfered saline {PB5)/0.01%Tween 80. Place-
bo-treated monkeys were given the same volume of diluent.
Recombinant human G-CSF {Neupogen. Amgen. Thousand
Qaks, CA) was administered at a dosage of & pp/kgiday sc,
once per day from day | to day 21 postirradiation. The daily
doses were difuted to a volume of 1 L iy the solution recom-
mended by the manufacturer.

Study groups

The monkeys were treated sequentially at intervals of 1 week
with a break every 4 to 5 weeks 1o thoraughly clean and
decontaminate the lsolation facility; the study was completed
in a total of 7 months. Animals were randomly assigned to
study groups. Resulls from one historic control that did not
receive growth factors are included in the graphs. Four mon-
keys were treated with TPO alone. two simultaneously with
TPQ and G-CSF, three with G-C5F alone, and twao with place-
bo. Two monkeys that did not receive a transplant served as
icradiation controls. Three additiontal monkeys were trans-
planted with unfractionated bone marrow grafts; two of these
received TPO, and the other served as a control.

Bone marrow aspirafes

Bone marrow was aspirated while the animals were under
anesthesta using ketalar (Apharmo, Arnhem. The Nether-
lands) and vetranquil (Sancfi, Maassluis, The Netherlands),
For transplantatfon, bone marrow was aspicated from the
shaft of both femurs into bottles containing 10 ml Hanks'
buffered Hepes solution {(HHBS) and 250 1U sadium hep-
arin/ml {Leo Pharmaceutical Products. Weesp, The Nether-
tands). Erythrocyies contained in the aspirate were returned
to the monkey after two washiegs with 0.9% NaCl and filtra-
tion to remove bone fragments, elther before irradiation or
as jrradiated (15 Gy) blood product after TBL. Small bone
marrow aspirates were obtained for analysis from the shafts
of the humert using pediatric spinal needles. Low-density
cells were isolated using Ficoll [density 1.077; Nycomed
Pharma AS, Oslo, Nonwvay} separation.

Colony assays

Cells were plated in 35-mm dishes (Becton Dickinsen. 5an
Jose, CA) in 1-mL enriched Dulbecco’s medium {Gibco,
Gaithersburg, MD) containing 0.8% methylcellulose, 5% fetal
calf serum {FCS), and additives, as described previously
[21-23]. For busst-foriming units-erythroid (BFU-E). cultures
were supplemented with hemin (2x10 ‘Y mol/l), human
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recombinant erythropoietin (Epo; 4 U/mL; Behringwerke AG,
Marburg am Lahn, Germany) and Kit Higand (KL: 100 ng/mL;
kindly provided by Dr. 8. Gillis, Imununex, Seattle, \WA). For
granulocyte/macrophage colony forming-units (GM-CFU),
cultures were supplemented with recombinant human GM-.
CSF (5 ng/inl; Behring), recombinant rhesus monkey IL-3 {30
ngftul} produced by B. licheniformis and purified as described
previously [24.25], and KL. Low-density cells were plated at
5%10" cells per dish and sorted cell fractions at 10° per dish
in duplicate. Colony numbers represent the mean ¢ standard
deviatlon of bone marrow samples from individual monkeys.

Sfemm celf feolation and Lransplantation

To enrlch for progenitor cells, buffy-coat cells were subjected
to a discontinuous bovine serum albumin density gradient
[26.27]. Low-density cells were collected and CD34" cells iso-
lated by immunomagaetic separation using an IgG2A anu-
body against CD34 {mAb 561; fram G. Gaudernack and T.
Egeland, Rikshospitalet. Oslo, Norway) that was noncova-
lently Hoked to rat anti-mouse [gG2A beads (Dynal, Osle.
Norway), CD34" cefls devoid of the anti-CD34 antibody were
recovered using a polyclonal antlbody against the Fab part of
the antl-CD34 antibody {Detachebead. Dynal). Purified cells
were incubated with a monoclonal antibody (mAb) against
human CD34 (mAb 566: from G. Gaudernack and T. Ege-
land) that had been conjugated with fluorescein isothio-
cyanate (FITC; Sigma, St. Louis, MO) and simultanecusly
with a phyceerythrin (PE}-conjugated mAb against human
HLA-DR that reacts with rhesus monkey RhiA-DR antigens
[Becton Dickinson, San Jose, CA). Control cells were stained
with each mAb separately to allow proper adjustment of [Tu-
orescence compensation. Cell sorting was performed using a
FACS Vantage flow cytometer {(Becton Dickinson} with the
argon laser set at 488 nm (100 M), CD34"#"/RHLA-DR
cells [17] were sorted in the normal C made and reanalyzed
for purity, The sorted cefls were transplanted at a dose of 1.4
o 3x10°/kg body weight and returned to the monkey on
the same day.

Hemalological examinations

Complete blood cell counts were measured daily tsing a Sys-
mex F-800 hematology analyzer {Toa Medicai Electronics,
Kobe. Japan). The differential of the total number of nucleat-
ed celtls (TNCs) was determined by standard countlng after
May-Granwald.Giemsa staining. For reticulocyte measure-
ments, § pl. ethylene diamine tetraacetic acld (EDTA) blood
was diluted in T mL PBS/EDTA (0.5 M)/azide {0.05% wi/vol),
and I mL of a thiazole orange dilution was added at a final
cancentratton of 0.5 pgfmlL. Measurements were done on a
FACScan (Becton Dickinson) and analyzed using Reticount
software {Becton Dickinson).

Measurements of surface antigens

Onee per week FACScan analysis was performed on PB and
BM samples on the following surface antigens: CDE. CBY,
CND20. CD11b, CD56, and CD6. Directly labeled nonoclo-
nal antibodies were used for CD8, CD4, CD20. CD56, and
CD1E (Leu 2a-FITC, Leu 3a-PE. Leu 16-PE, Leu 19.PE, and
Leu 11a-FITC {Becton Dickinson). respectively. CD1ib anti-
gens were detected by the FITC-cenjugated monoclonal anti-

body MO1 (Couilter lmmunology, Hialeah, Florida). Red
blaod celis were removed by incubation of 0.5 mL whole
blood or bone marrow in 10 mL lysing solution (8.26 g
ammoniuem chloride/1.0 g potassium bicarbonate, and 0.037
g EDTA/L) for 10 minutes at 4°C. After lysing, cells were
washed twice with HHBS containing 2% FCS (vol/vol) and
0.05% (wtfval) sodium azide {HFN}. The cells were resus-
pended in 100 pL HFN containing 2% (voi/vol) normal
monkey serum to prevent nonspecific binding of the mono-
clonal antibodies. Monoclonal antibodies were added in a
volume of § pL and Incubated for 30 minutes on ice. After
two washes. the cells were measured by flow cytometry.
Ungated Hst mode data were collected for 10,660 events and
analyzed using Lysis 11 software (Becton Dickinson).

Clinfeal chemistry

Serum cancenteations of sodium, potassium, chloride. glu-
cose, albumin, total proteln, asparlate-amino transferase. ala-
nine-amino transferase. alkaline phosphatase, lactate
dehydrogenase {LDH), gamma-glutamyl tanspeptidase, total
bilirubin, C reactlve protein, creatinine, urea, and bicarkonate
were analyzed twice per week using an Elan Analyzer (Eppen-
dorf Merck, Hamburg, Germany).

TPD levels

Flasma for measurements of levels of TPO was sampled from
the monkeys just before cytokine administration twice per
week and stored at -80°C. A full description of the TPO
enzyme-linked immunosorbent assay (ELISA) is glven else-
where [28,29]. Briefly, ELISA plates were Incubated overnight
at 4°C with 2 pg/mL rabbit F(ab’)2 to human IgG Fc {(fackson
ImmunoResearch, West Grove, PA} and 2 hours at room tem-
perature with canditioned medium containing 100 ng/mL of
mpl-IgG [3]. Twolold seriai dilutions of samples (starting at
1:10) and stendards {recombinant {ull length human and/or
rhesus TPQ} were added to wells and incubated for 1 hour.
Bound TPO was detected using bilotinylated rabbit antibody
to full-length human TPO (Genentech), followed by peroxi-
dase-labeled streptavidin. The range of the assay for rhesus
plasma samples 15 0.32 to 10 ng/ml. TPO. The assay preferen-
tlally detects active full-length TPO with equal accuracy in
rhesus monkeys and humans, and cerrelated well with a
bioassay using the megakaryoblastic HU-3 cell line.

Hemostasls paramelers

Plasma for measurements of fibrinogen, protbrombin time
(PT}, and activated partial thromboplastin time (APTT) was
collecied twice per week and stored at -80°C. Measurements
were done on an Automated Coagulation Laboratory-100
(ACL-100; [nstrumentation Laboratary, Milano, ltaly). A
commercially avallable kit was used for fibrinegen measure-
menis ((tbrinogen-test, DiabMed AG, Cressier sur Morat,
Switzerland), thromborel S (Behringwerke AG, Macburg, Ger-
many} was used for the PT. and platelin LS (Organon Teknika
Corporation, Durham, NC) for the APTT. Platelet aggregation
tests were done before treatment and at day 21 using a whole
blood lumi aggregometer (Chronolog. Havertown. PA) using
5x10°% M ADP (Sigma, St. Louls, MQ}. 5 U/mL thrombin
{Central Laboratory of the Bloed Bank, Amsterdam, the
Netherlands). or 5 pg/ml. collagen (Sigma).
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Table 1. Regeneration parameters after 8-Gy TBI and stem cell transplantation

Number of Reticulocytes Neutrophils > 0.5 Pit > 40
Celifraction monkeys Growth factor >1% at day 10%ml at day 10%/mL at day
CO34" /RhLADR™ 4 TeO 2012 21+2 21+ 5
2 TPO + G-CSF 2317 2515 3415
3 G-CSF 2112 19+3 sh2418
3 placeba 2310 2322 2411
Noae 2 none 2927 32,30 134
Unfractionated 2 PO ti;19 17720 15,17
Unfractionated 1 placebo 20 24 24

Statistics

If relevant, standard deviations were calculated and are given
in the text, the figures. and the table on the assurnption of a
normal distribution. The statistical significance of differences
was calculated by Fisher's exact test for categorical data. and
by one-way analysis of variance followed by a Student’s ¢ test
for continuous data.

Resulls

Characterizalion of stem cell Iransplanis

To assess the efficiency and enrichment paotential of the
selection procedure used for stem cel isolatian. cell numbers
were counted for each cell fraction, colony assays were per-
formed, and a FACScan analysis was done for CD34 antigen
expression. Total cell recovery for the CD34 selectlon step
using the Dynat immunomagnetic beads was 76.4 + 15%,
with an average of 8.6 + 3.5% of the cells in the positive frac-
tion. Calculated as percentages of the aspirated bone marrow
cells, CO347/RALA-DR™ cells represented 0.03% of the total
cell number. Recovery of GM-CFU numbers during the CD34
selectton stage was 506 + 24,1%. with 41.9 + 23% of the GM-
CFUs recovered in the CD34" ceH fraction. Recovery of BFU-E
was 82.8 1 52.5% during the CD34 selectlon step, with 56.6 +
38.9% found In the positive cell fraction. Recovery of the
CD34"*/RhLA-DR™ fractlon, compared with the CD34* cell
fracticn of GM-CFU and BFU-E, was 8.1 + 5.9% and 1.3 =
1.6%. respectively, reflecting a depletion of more mature pro-
genvitor cells, which are segregable from iminature cells on
the basis of HLA-DR expression {17} in this subset. FACScan
analysis revealed a recovery of CD34" cells of 36.0 + 15.8%,
with 24.9 + 13% found in the positive cell fraction, and a
purity of CD34* cells of 43 &+ 18%. The CD34"/RhEA-DR™!
cells represented 3.4 x 2.2% of the CD34" cell fraction. The
cell dose transplanted was on average 2.7x10%kg {range
1.4-3% 10%kg).

Nematopoietic reconstitution

Based on previous transplantations in this setting {30], the
reticulocyte regeneration was found to be the best parameter
to quantify the engraltment potential of a BMT. Because
TPO has been found to influence reticilocyte regeneration
after myelosuppression [20]. this parameter is less rellable in
TPO-treated mortkeys, but in placebo- and G-CSF-treated
monkeys regeneration was very homogeneous, ie., 21.7 +

1.7 days after TBT (n=6). The monkey transplanted with
107/kg unfractionated bone marrow cells and treated with
placebo had greater than [% reticulacytes at day 20, simifar
to historie controls [30]. Comparison of the regeneration
times of the unfractionated transplants and those of the
stem celf transplants ytelded an enrichment In repopulating
capacity of approximately 300-fold for the latter. TBI with-
out transplant resulted in a 5- to G-week period of pancy-
topenta. A CD34"/RhLA-DR™" transplant without growth
factor treatiment resulted in a three week period of profound
pancytopenia (Table 1). All menkeys were dependent on
platelet transfusions and antibiotic treatment during the
recovery phase.

Pevipheral blood cell covnts

Platelet regeneration after bone marrow transplantation was
not influenced by TPO treatment. The nadir for platelets was
net alleviated by TPQ, and the time needed for nomalization
of those values was not shoitened (Fig..1). TPO-treated mon-
keys needed 3 to 6§ transfuslons compared with 4 1o § for
placebo-treated animals. OF monkeys treated with TPO and G-
CSF {n=2), one needed only 2 transfusions and reached a
transfusion-free platelet level at day E5, whereas the other
required 10 transfusions and did not reach transfuslon inde-
pendence until day 32. In G-CSF-treated monkeys {n=3). the
data were also heterogencous. Two monkeys showed @ regen-
eration pattern for platelets simllar to that of placebo-treated
controls, whereas the other developed protracted thrombo-
cytopenia, requiring 22 transfusions and reaching transfusion
independence on day 57 after irradiation. The monkeyvs with
GiCSF-associated protracted thrombopenla will be discussed
separately {vide infra),

Reticulocyte regeneration, defined as the day on which the
percentage of reticulocytes exceeded 19, occucred 3 days ear-
ller in TPD-treated monkeys than in placebo-treated controls.
although this difference was not statistically significant. G-
CSF had no effect on reticulocyte regeneration, and for TPO
plus G-CSF results were variable (Table 1). Neutrophilic granu-
locytes regenerated la placebo-treated centrols and TPO-treat-
ed monkeys in a similar way {Fig. ). The recovery of
neutropenia in monkeys treated simultanecusly with TFO
and G-CSF {n=2) was also heteragenous. The first one had
neutrophil [evels higher than 0.5% FO%L by day 25 and the
other by day 15. For the three G-C5F-treated monkeys. these
fevels were attained on days 17. 22, and 19. respectively.
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thrombocytes (x109/4)

reticulocytes {(x1012/1)

neutrophils (x109/1)

time (day)

Fig. 1. Mean peripheral bleog counts after 8-Gy TBI and
stent cell transplantation. Thrombecytes fupper panel),
reticulocytes (middle panel), and neutrephils (lower panet)
for TPO {open squares, n=4), TPO and G-CSf (half Gilled
squares, n=2), G-CSf (black squares, n=3), and placeto-
treated monkeys {open circles, n=3). Horizontal lines define
degree of cylopenia, 40x10%/L for Lhrombacyles,
0055 10")/L for reticulocytes and 0.5 10%L for neutrophils.

Unfractionated bone marrow transplants

Ta examine the effect of size and cellular composition ol
the graft on TPO-stimulated platelet regeneration. three
monkeys recelved an autologous unfractionated bone mar-
row teansplant at a cell dose of 107/kg body weight. Two of
these monkeys received TPO at the same dose as the stem
cell-transplanted monkeys and one of these received place-
bo treatment. TPO treatment did not prevent the platelet
nadir and did not significantly stimulate recovery toward
normal values (Fig. 2). Days to reticulocyte regeneration
>1% were 11, 19, and 20. respectively, and days to neu-
trophil regeneration 17, 20. and 24, respectively, in these
three animals (Table 1}. In Figure 2, the mean platelet
regeneration in the unfractivnated transplants is compared

thrombocytes (x109/1)

time (day)

Fig. 2, Comparison of the effect of TPO following trans-
plantation of purified stem celis and unfractionated bone
marrow. In the upper panel the mean thrombecyte
tounts of 4 TPO-treated stem cell-transplanted monkeys
({filled squares} and 3 placebo-treated stem cell-trans.
planted monkeys {filled circles} are plotted. The lower
panel displays the mean of tvwwo TPO-treated unfractionat-
ed marrow transplanted monkeys {hall-fled squares) and
the unfractionated marrow-transplanted tontrol monkey
(filted triang'es). The dose and route of TPO were the
same for afl monkeys (10pg/kg/day, sc, days $-21). The
shaded areas représent means + 50s of thrombocyle tev.
&35 of 5-Gy imadiated monkeys after T85; the lower shaded
area represents 8 placebo-treated contrels, the upper one
4 TPO-treated monkeys.

with that in the stem cell transplants, ilustrating the simi-
larity of response to TPQO between the two groups. Figure 2
alsa displays the TPO response in the 5-Gy #rradtated mon-
keys [20]. showing that the ransplants resulted in platelet
reconstitution at a level shmilar to that in the placebo con-
trols following myelosuppression induced by 5-Gy of iradi-
ation, and iliustrating the virtual lack of a TPO response in
the transplanted monkeys.

Whita blood cell subsets meastired by flow cylometry

A prafound nadir was observed for all surface markers tested
in the peripheral blood. Regerzeration patterns did not differ
between different reatment groups. The nwnber of CD20°
cells did not recover 1o pretreatment levels during the obses-
vation perind {6 weeks) and neither did the number of CD”
cells. CRLIL’ celis fellowed the same pattern as the neu:
trophils shown i Figure 1. CD8' cell numbers reached pre-
treatmient levels during the sixih week.
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Table 2. Bene marrow cellutarities {10%, GM-CFU numbers (x 107), and BFU-E numbers (x10°} + 50 per mlL asplrate after 8-Gy T8I and stem

cell wansplantation

Treatnsent Before Week 1 Woeek 2 Week 3 Week 4
Ceftularity > 10%/mL T 39:7 0.1:02 0403 39134 2871489
T+6 26;53 0.02,0.03 0.141.0 0.8;ND 5.2,6.5
G 2215 0.2:02 06+05 1431207 41148
pt 20,23 0.14.0.0 0.26:0.0 LA B 1918
GM.CFU x10* T 70 32 ND ND 3:4 351272
T+6 45;%2 ND ND o.ND 2
G 281 10 ND ND 1525 03201
pl 39;54 ND NB 0301 6:5
BFU-E x 107 7 1746 ND ND 09117 17430
T+G 1626 ND ND OND ©,0.6
G 9204 ND ND 56497 05106
pl 9N ND ND 0.0 0.7;2

NI = net done because of low cell numbers; TPO: TPO-treated monkeys (n=4); T + G: TPO- + G-CSF-treated monkeys (n=2); G:
G-CSFtreated monkeys {n=3), pl: placebo-treated monkeys (n=2}.

Bone celfulariy and prog celf confent

The bone marmrow cellularity of the aspirates used for trans-
plantation was 30.9 + 11X [0°%/mL and served as a control
value. In all treatment groups, cellularity at days 8 and 15 was
too low to allow performance ef colony assays (Table 2). G-
CSF-treated monkeys showed greater marronw celiufarity at
day 22 but with wide variations. At day 28 no differences
were observed hetween the treatment groups. The progenitor
cell content of the bone marrow, expressed as colonles per
mibiliter of aspirate, was also subject to wide variation and
showed no trend favoring a growth factor reglinen.

TP0 fevels

Pretreatment TPO levels were below detection level (320
pgfmi) in all but one sample. varied from 2438 1o 25,143
pg/mL in samples taken from TPO-treated monkeys from day
3 to day 21 after TRI. and became very low again at days 24
and 28 (Fig. 3}. In animals treated with G-C5¥ alone or place-
bo, elevated levels weze measured in samples taken at days 7,
10, 14, ¥7, 21, and 28, consistent with the thrombocytopenia
present in those animals at those times (Fig. 1). These endoge-
nous TPO [evels varied from 314 to 1627 pg/mlL. which was in
the low range compared with TPO-treated monkeys, but clear-
ly elevated compared with baseline vahtes. These elevated
TPO fevels should probably be considered relatively moderate
elevations because the anlmals 1n this group were given
platelet transfusions whenever their platelet levels dropped
betow 40X H%/L.

Clinfeal chemislry and hemostasls paramefers

Abnormalities were not observed lor most parameters. Minor
electrolyte disturbances were observed during the first week
after TBI because of gasirointestinal radiation dansage. Seme
monkeys had a short period of hypalbuminemia. No differ-
erces were found between APTT, PT, and fibrinogen levels
among the different treatment groups, and these levels did
not fluctuate during the posticradiation period. Platelet aggre-
gation tests scheduled for day 21 after TBI were not always

feasible because of the low number of platelets: the tests done
In 6 animals revealed no differences attributable to growth
factor treatment (data not shown).

G-CSF assoclaled thrombocytopenia

Two monkeys developed protracted thrombocytopenia. One
had been treated with G-CSF alone, the other with TPO and
G-CSF. Platelet counts for those monkeys are shown in a sepa-
rate graph (Fig. 4}, The clinical condition of the G-CSF treated
thrombocytopenic monkey became very severe, including
dependence on almost daily transfusions and abundant
petechiae and other hemorrhages. At this stage, local regula-
tions demanded elther ewthanasia or emergency treatment.
We elected to kilf one monkey and treat the other with TPO
(10 ppskg/day sc, from day 37 to day 43} After a lag phase of

193
£
2 107 -
B
5
~ 1034
(@]
[+ 9}
E.(
(w? : r r

time (day)

Fig. 3. TPO levels in ptasma measured by ELISA. For
explapation of symbols see figure 1. The shaded squares
represent TPQ-reated unfraclionated bone marrow trans-
planis. Samples were taken before treatment and at days
3, 7. 10, 14, 17, 21, 24, and 28. Data not shown weie
below detection level (320 pg/mt).
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Fig. 4. Thrombocyte counts in Lhe menkey treated with
G-CSF alone (upper panef}, and of the monkey treated
with TPO and G-CSF {lower panel) that developed pro-
tracted thrombopenia, The black line indicates the jevel of
40x10%L thrombogytes uader which teznsfusions were
given. The black arrows indicate the transfusiéns given to
the monkeys, the tlosed ones represent thrombocyle
transfusions, and 1hs apen ones whale blaod transfusions.

approximately 1 week, platelet counts rose sharply, increased
slowly thereafter, and reached normal values by the tenth
week afier imadiation (Fig. 4), The petechiae and hematomas
resolved within days.

Discussion

Irt this study TPO and G-CSF were combined to evatuate their
effects after transplantation of highly purified stem cell con-
centrales into irradiated rhesus monkeys after TBI at a dose of
8 Gy. TPO alone did not prevert thrombocytopenia and did
not significantly stimulate regeneration to normal platefet
values. With the possible exception of reticiocytes, other
cell lineages were not influenced either. Simultancous treat-
ment with TPO and G-CSF (tested in two mornkeys) showed
variable results. In one monkey. neutrophi! regeneration was
enhanced {>0.5X10%L at day 15) whereas in the other it
regeneraled af the same rate as that observed in placebo-
treated controls. Platelet and reticulocyte regeneration was
augmented In the monkey whose neutraphils regenerated
faster, whereas the other monkey developed pratracted
thrombocytopenia. Treatment with G-C5F alone did not
stimudate neutrophil regeneration or affect the red cell lin-
eage. and in one of three monkeys profound and long-last-
ing thrombocytopenia developed. To test whether the size or

cellular composidon of the graft was responsible for the lack
of efficacy of TPO, three monkeys were transplanted with
unfractionated hone marrow cells at a cell dose of [0/kg.
TPO wreatment in this seiting again did not prevent thcombo-
cytopenta. and recovery to normal platelet values was only
slightly accelerated.

In monkeys that were irradiated with 5 Gy TB1 without
receiving a transplant, TPO (10 pg/kp/day) exerted a highly
stimulatory effect on platelet recovery. as reflected by much
less profound platelet nadirs as well as an accelerated recovery
to normal values, resulting in full prevention of thrombuocy-
topenla in these animals [20] {Fig. 2). Since the duration of
thrombocytopenta and the platelet recovery pattern were the
same for the placebo-treated monkeys in bath modets, the dif-
ferent responses to TPO are a significant feature. In principle,
the difference between the efficacy of TPQ in the stem cell
transplant mode] and in the myelosuppression model may be
attributed to the dose of TPC chosen, the difference in madla-
tion dose, which may have caused more stromal damage In
the stem cell transplant model. or the composition of the cell
populations in which hematopoietic recenstitution originated.

The dose and dose schedute of TPO were based on pitot
dose-finding experiments i normal mice and rhesus men-
keys 119] and were found 10 be supraoptimal. The dose
schedule chosen was also found to be supraoptimal in the
myelosuppression model in that very high levels of plateleis
were reached within 2 weeks, Apparenily. the elevated
endogenous TPO levels measuced in the placebo-treated con-
trols (Fig. 3), which were more than one erder of magnitude
lower than those cbtained with exogenous TPO, were suffi-
cient for full platelet reconstitution. Therefore, it is untikely
that the inzffectiveness of TPQ in the transplant model was
attributable ta the dose or dese schedule used.

It is equally unlikely thal the difference between 5 Gy and
8 Gy TBI resulted in significantly increased steomal damape
after the latter dose, and hence Impalred platelet reconstite-
tion. This is because, in the placebo control mankeys, the
kinetics of platelet reconstitution were very simtlar, if not
identical, in both maodels. Furthermore, stromal damage
resulting in significantly impaired hematopolesis has only
heen observed following much greater doses of adiation [31]
than those used In this study.

The compasition of the reconstituting celt pepulations is
most Hkely the decisive determinant of a clinically relevant
response to TPQO. In the 5-Gy myetosuppression model, the
residual cells were depleted of stem celis and progenitor cells
by less than 2 orders of magnitude and remained in their
normal stremal envirenment. It Is also clear from the kinetics
of the TPO response in this model that its effecriveness was
determined in the initial phase after TBL a conclusion that
has been corroberated by the diminished response 10 delayed
administratlon of TPO [32] as well as by the observation
made in mice that a single initial iv infection of TPO was suf-
ficient to prevent profound thrembocytepenia [33]. In the B
Gy model, on the other hand. there was a greater than 3-log
stem celi depletion, and the hematepeletic reconstitution
pattern observed was dependent on Infused, highly purified.
and progenitor cell-depleted stem cells, which needed to
home into the hematopoietic sites. |t s concelvable thar in
this situation initial hematopoietic reconstitution cannot be
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stimufated by TPO alone. but needs to be either boosted by
other growth factors or stimulated before TFO treatment to
generate TPG-responsive progenitor cells. Since the response
to TPQH was alse severely diminished in the unfractionated
bone marrow reciplents compared with the 3Gy myelosup-
pressed monkeys. which had platelet reconstitution Kinetics
simitar to the placebe-treated control monkey, the inefficacy
of TP and G-CSF cannet be attributed sclely to the deple-
tion of progenitor cells: it may alse be a result of poor
engraftinent of the responsive pragenitor cells. Finally. our
results indicate a steep decline in TPO and G-CSF responses
with increasing radiation doses, a phencmenon that has also
been observed for grawth factors such as GM-CSF [34] and IL-
3 [35]. Thus, atthough it is possible to acceferate hemato-
poietic recenstitution after high-dose TBI by giving either a
stem cel praft or unfractionated bone marrow, exogenous
growih fartors add Httle to the reconstitution because of the
relative lack of progenitor cells [18,34].

There is a strong and justified tendency in treating a
majerity of patients to replace bone marrow transplantation
with cytokine-mobilized peripheral blood stem cell trans-
plantation, because the latter have significant advantages in
terms of stern cell procureinent and the number of cells that
can be harvested. As a consequeace of the rapid hemato-
poletic reconstitution observed in recipients following trans-
plantation of mobilized peripheral blood cells, it is difficult
to justify the use of growth factor stimulation to further
accelerate bleod cell production. Indeed. thrombocyte regen-
eration may well be complete within approximately 2 weeks
{36-38]., making it unlikely that growth factors such as TPO
will significantly enhance this response. Therefore, the pres-
ent data apply enly tu ctinical conditions in which limited
numbers of immature hematopoietic cells are available for
transplantation. In spile of advances made, the relative lack
of these cells will continue to be cbserved in a minority of
autologous transplamation cases after intensive chemo-
therapy or in gene transfer protocols. This lack of stem cells
will also continue to be seen following allogenelc transplan-
tation. which requires more stem cells than used in autolo-
gous reciplents because of the histocompatibility barriers
and because the number of donor cells available for procure-
ment, especially when matched unrelated donors are
involved. is necessarily limited. Stintlarly. allogeneic trans-
plarttation following suboptimal Immunosuppression, such
as occurs in whole body radiation accident victims and in
some of pediatcic recipients treated for hereditary deflcien-
cies, may result in significant loss of stem cells through
refection. For those cases it remains necessary 1o develop
growth factor treatment regimens that both accelerate short-
term hematopoietic regeneration and promote sustained
reconstitution, The present study shows that this cannot be
easily accomplished.

Our finding that two of five G-CSF-treated monkeys
developed protracted thrombocytopenia, one despite treat-
ment with TPO. suggesis that in situations in which imited
numbers of celis are available fer hematopoietic reconstitu-
tion, G-CSF treatment may prove detrimental to platelet
reconstitatian. The association in our study between pro-
tracted thrombocytopenia and G-CSF was statistically signifi-
cant (p < 0.03, Fisher's exact tes1) when the results are

compared with those obtained In 24 monkeys exposed o
simitar doses of TBI and similar numbers of transplanted
CD34 cells {including the & monkeys not treated with G-
CSF in the present study), in which protracted thrombacy-
1openia was ot observed {manuscript in preparation).
Thrombocytopenia s an occasionally reperted side effect of
G-CSF treatment [11.29.40). Although delayed thrombocyie
recovery, as well as dampening of TPO-stimulated thrombo-
cyte producton by G-CSF treatment, has been observed in
recent ardmal studles [41.42]. no animal model has been
developed thusfar for the study of protracted isolated throm-
bocytopenia after BMT. A model exists in normal dogs treat-
ed with canine GM-C5F in  which consistent
thrombocytopenia develops [43,44], but its mechanism may
be different from that of post-BMT thrembocytopenia. We
took advantage of the G-CSF-assaciated, isolated thrombocy-
topenia to examine the effect of TPO treatment for 7 days
{10 pg/kg/day sc) in one of the monkeys. using the other,
[ess severely thrombocytopenic monkey as a control. After 1
day of TPO treatment, the severely thrombocytopenic mon-
key's clinical condition improved, with a rapid disappear-
ance of petechiae and hematomas. Platelet counts started to
rise after & week and the monkey became transfusion inde-
pendent 6 days after the start of TPO treatment. The kinetics
of the increase in thrombocytes was similar to that seen in
unirradiated TPO-treated monkeys [7]: After discontinuation
of TFO. the further rise in platelet counts slowed down and
an additional 3 weeks elapsed before norinal values were
restored. Although 1his case report remalns anecdotal, the
pattern observed suggests that TPO will be beneficial in pro-
tracted isolated thrombocytepenia following stem cell trans-
plantation and/or BMT.

The present study demonstrates that, after high-dose totat
body irradiation and transplantation of limited numbers of
bone marrow cells or highly purified stem cells, TPO and G-
CSF are ineffective in accelerating platelet and neutrophil
reconstiiution, respectively. although they both enhance
recavery from radiation-induced myelosuppression. These
findings may be explained by the composition of the celk
poputations in which hematoepoletic reconstitution arlgi-
nates; they may also indicate that TPO and G-CSF targets in
transplanted BN are either few in number or difficult to
wansplant because of poor engraftment. which became espe-
clally apparent in this study after transplantation of the lim-
ited cell numbers used. The study further defines the
limnitations of effective growth factor therapy following
intensive cytoreductive treatment.
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CHAPTER 6

A single dose of thrombopoietin shortly after
myelosuppressive total body irradiation prevents
pancytopenia in mice by promoting short-term
multilineage spleen-repopulating cells at the transient
expense of bone marrow-repopulating cells
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A Single Dose of Thrombopoietin Shortly After Myelosuppressive Total Body
Irradiation Prevents Pancytopenia in Mice by Promoting Short-Term
Multilineage Spleen-Repopulating Cells at the Transient Expense
of Bone Marrow—Repopulating Cells

By Karen J. Neelis, Trudi P, Visser, Wati Dimjati, G. Roger Thomas, Paul J. Fielder, Duane Bloedow, Dan L. Eaton,
and Gerard Wagemaker

Thrombapoietin {TPO} has baen used in preclinical myelosup-
pression models to evaluate the effect on hamatopoietic
reconstitution. Here we report the importance of dose and
dose scheduling for muitilineage reconstitution after myelo-
suppressive total hody irradiation {TBI} in mice. After 6 Gy
T8I, adose of 0.3 ng TPO/mouse (12 pg/kg) intraperitoneally
{IP}. 9 to 4 hours after T8I, prevented tho severe thrombope-
nia aobserved in control mice, and in addition stimulated red
and white blood cell regensratlon. Time course studles
showad a gradual decline in efficacy after an optimum within
the first hours after TBI, accompanied by a replacemeant of
the mulitilineage effects by tlineags dominant thrombopoletic
stimulation. Pharmacokinetic data showed that IP injection
resulted in maximum plasma [ovels 2 hours after sadministra-
tion. On the hasls of the data, we infeired that a substantial
tevel of TPO was required at a critical time interval after Y81
to induce multilineaga stimulation of residual bone marrow
calls. A more precise estimate of the effect of dose and dose
timing was provided by intravenous administration of TPO,
which showed an optimum immediately after TBI and a
sharp decline in efficacy hetween a dose of 0.1 pg/mouse (4
png/kg; plasma levef 680 ng/mL}, which was fully effective,
and a dose of 0.03 pg/mouse {1.2 ng/kg; plasma lavel 20
ng/mL}, which was fargely ineffective. This Is consistent

HROMBOPOIETIN (TPO), the ligand for the cytokine
receptor c-npl, has been clored and characterized in
1994'* and shown fo be the physiological regufator of platelet
production by generating mice deficient for either TPO or
c-mpl** Administration of pharmacological doses of TPO to
normal mice and nonhuman primates resulied in dose-
dependent increases in platelets, far exceeding that observed
after administration of other growih facters.' 2% These cbserva-
tions have led te the pharmaceutical development of TPO as a
therapeutic to counteract thrombopenic states, such as those
resulting from myelosuppression dus to cancer treatment. In
myelosuppression models, TPO effectively allevinted the nadir
for platelets and accelerated recovery 1o normeal values.®5V [n
several of those madels, daily administration during the pancy-
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with a threshold level of TPO required to overcomse initial
e-mpl-mediated clearance and to reach sufficient plasma
levels for a maximum hematopoietic response. In mice
exposed to fractionated TB1 (3 % 3 Gy, 24 hours apart), 1P
administration of 0.3 pg T#O 2 hours after each fraction
completely prevented the severe thrombopenia and anemia
that oceurred in controf mice. Using short-term fransplanta-
tion assays, ie, colony-forming unit-spieen (CFU-S} day 13
{CFU-S-13) and the more immature cells with marrew repopu-
lating ability {MRA}, it could be shown that TPO promoted
CFU-8-13 and transiently depleted MRA. The initial depletion
of MRA in response to TPO was replenished during fong-
term reconstitution followed for a period of 3 months. Apart
from demonstrating again that MRA cells and CFU-5-13 are
separate functional entities, the data thus showad that TPO
promotes short-term multilineage repopulating cells at the
expense of more immature ancestral cells, thereby prevant-
ing pancytopenia. The short time interval available after TBE
to exert these effects shows that TPO is abie to intervene in
mechanisms that result in functional depletion of its multiin-
eage target cells shortly after TBI and emphasizes the
requirement of dose scheduling of TRO in keeping with these
mechanisms to obtain optimal clinical efficacy.

© 1898 by The American Socigty of Hematology.

topenic phase resulted in an overshoot in platelet counts to
supranormal values 55! Although in normal experimental
animals the respense to TPO was dominant along the megakaryo-
cytic Hneage, in myelosuppression models multitineage eftects
have been shown such as stimulation of erythroid recov-
ery,&1-Hacceleration of immature progenitor cell reconstitution
in bone marrow,™'"® and augmentation of the responses o
granulocyte-macrophage colony-stimulating factor {GM-CSF)
and granulocyte colony-stimulating factor (G-CSF).5¢ We and
others have shown that a single dose of TPG administered 24
hours after total body iradiation (TBI} was as effective in
alleviating the nadir for thrombocytes as daily dosing,!™15%
thereby reducing the need for thrombocyte transfusions in
myelosuppressed nonhuman primates and aceelerating recovery
to normal platelet counts, The effects on red cel regeneration
and immatare bone marrow progenitor celis were retained with
single dosing of TPO.'3'® These resuits showed that the more
conventional dose schedules that have come into use for growih
factors such as GM-CSF and G-CSF were less appropriaie for
TPO.

Curclul design of growth factor treatiment protocols requires
preclinical experimeats to gain insight iete the mechanisms of
action and in the optimal dose and dose schedule to achieve
maximum therapeutic benetit and reductions in the occurrence
of side effects, as well as to prevenl unnecessary trealment.
thereby reducing costs, Becawse a delay in the administration of
TPO after cytoreductive treatment proved w be detimentat
its efficiey. ™1 we examined i detai] the time dependence of
TPO etticucy in the initial 12 hours alter myelosuppressive TBI,
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with special emphasis on the response of immawre bone
marrow cells and their progeny, to reveal mechanisms of TPO
action on iremature repopulating cells important for efficacy.

MATERIALS AND METHODS

Animals. Female (C57BL X CBA)F1 (BCBA) mice, approxi-
mately 12 weeks of age, were bred at the Experimental Animal Facility
of Frasmus University (Rotterdam, The Netherlands) and maictained
under specific pathogen-free conditions. Housing, experiments, and all
other conditions were approved by an ethival commities in accordance
with Tegal regulations in The Netherlands.

Experimental design. TBI was administered at day 0 using two
opposing Cs seurces {Gammacell 40; Atomic Energy of Canada,
Outawa, Canada) at 2 dese rate hetween 0.92 and 0.94 Gy/min as
deseribed 7 Doses used were fi Gy for single dese jrradiation and a
fractionated dose of 9 Gy in three equal doses with 24-hour intervals.
Mice were bled anly once; for each data point a random experimental
group of three mice was kitled. All parameters were collected for
individual mice.

Test drug. Recombinant full length murine TPQ produced by
Chinese hamster ovary cells {Gepentech Enc, South San Francisco, CA)
was used throughout the expedments, diluted in phosphate-buffered
saline/0.01% Tween 20, and administered intraperitoneally (1P} or
intravenously (EV} in & volume of 0.5 ml.. The dose of TPO used was
0.3 pg/mouse (12 pg/ke, based on a mean bedy weight of 25 g al the
time of iradiation) unless otherwise indicated. We have previously
shown that this dose was effectiva in a similar model for myelosuppres-
ston.t¥

Hematologic examinaiions,  After ether-anesthesia, the mice were
bled by retro-orbital puncture and killed by cervical dislocation. Bleod
was collected in EDTA twbes. Complete blood cell counts were
measured using a Sysmex F-800 hematology analyzer (Tea Medical
Electronics Co, LTI, Kobe, Fapan).

Phenotypic analysis of white blood cefls. For phenotypic analysis
blood was colected in EDTA tubes. Samples from three mice that
received the same treatment were poofed to yield sufficienmt numbers of
cells. Red blood cells were removed by incubating whole blood in
Iysing solution {8.26 g ammonium chleride/1.0 g polassium bicarbonate
and 0.037 g EDTA/L) for [0 minutes at 4°C. After Jysing, cells were
washed twice with Hanks® buffered Hepes solution {HHBS) containing
0.5% (volfvol) boving serum albumin (BSA; Sigma, St Louis, MO),
0.05% (wifvol} sodium azide, and 0.45% (wtivol) glucose (Merck,
Dammstadt, Germany) (HBN), The ceils were resuspended in 50 pL
HBN containing 4% (vol/vol) normal mouse serum o prevent nonspe-
cific binding of the menoclonal antibodies (MoAbs), Ta detect neutro-
philic granulncytes and monocytes (he MoAb ER-MP20 (rat [gG,,)"
was added in a volume of 50 pl.. ER-MP20 bright cells are monocytes
(vorresponding with Mac-1-positive cells??} and cells staining interme-
diate with £R-MPX) are granulocytes (comesponding with Gr-1-
pasitive cells??). Te detect lymphocytes the anti-CDH MoAb YTS [91
and the anti-CD8 MaoAb YTS 1692 (a kind gift from De H. Waldmann,
Department of Pathalogy, Cambridge University, UKy were added at a
concentration of 2 pg/mL. Cells and MoAbs were incubated for 3
minutes on ice. After twe washes the cells were incubated with a
fluorescein-dabeled goat-anti-rat MoAb. Afier another twa washes, the
cetls were labeled with propidium iodide and measured by How
cytometry. Ungated list munde dasa were collected for 10,0600 events and
analyzed using Lysis 11 seftware (Beeton Dickinson, Mountain View,
CA)

TPO levels.  Daa for charactedration plasma 'FPO pharmacekinet-
ics were generated a1 Genentech Ene as previously deseribed  In short,
mice wer injected 1P with "51.mmTPO either with a single dose of 0.9
pgfmouse (36 pafkeh or with three doses of 0.3 ppfmouse (12 pafke)

separated by 24 hours. Citrated blood was collected immediately after
dosing and at intervals thereafter (n = 3 mice per time point), centri-
fuged at 2,950 for 10 minutes, plasma obtained, and TCA-precipilable
radicactivity determined. Pharmacokinetic parameters were estimated
after convering trichforeacetic acid-precipitable cpmAnk. and filting
thie data of concentration versus lime to a twa-compartment model with
first order absorption using nonlinear least-squares regression analysis
{WIN-NONLIN; Statistical Consultants, Texington, KY). Area under
the cencentralion lime curves, maximum concentration, terminal half-
lives, and clearance (imlLibvkg) were calculated using coeflicients and
exponents obtained from the model fits.

Colony astays.  Serun-free methyleellulose cultures were used in
this study.?*? Appropriate pumbers of bone marrow cells were
suspended in Dulbecce’s modified Bagle’s medinm obtained from
GIBCO (Life Technologies LTD, Paisley, Scolland) supplemented with
the amino acids L-alanine, 1.-asparagine, L-asparic acid, L-cysteine,
l-glutamic acid, and L-proline (Sigma); vitamin B,z biotin, Na-
pyruvate, glucose, NaHCQ,, and anishiotics (penicillin and streptomy-
cin} at an osmolarty of 300 mQOsnvL; supplemented with 1% BSA
(Fraction V, Sigma), 2 X 10~% mo¥/L iron-salurated human transferrin
(Intergen Company, New Yoik, NY), 1077 mol/L. Na,SeOy (Merck),
10-+ moV/L. B-mercapto-ethanel (Merck), linoleic acid (Merck), and
chotestero! (Sigma), both at a final concentration of [.5 X 1073 moliL
and {0°? g/l nucleosides (cytidine, adenosine, uridine, guanosine,
2 deoxyeytidine, 2'deoxyadenosing, thymidine, and 2'deoxyguanosine
obrained from Sigma) and 0.8% methylceliulose {Methocel AdM
Premium Grade; Dow Chemicval Co, Barendrecht, The Netherlands).
The colres were plated in 35-mm Faleen 1008 Peiri dishes (Becton
Dickinsen Labware) in 1-mL aliquots. 2

Granutocyte/macrophage colony formation was stimulated by a
saturating concentration of macrophage coleny-stimulating factor (M-
CSF) purified from pregnant mouse uter extract as desenbed be-
fore, 2459 supplemented with 100 ng/mL muring stem cell factor (SCF;
Immunex Corporation, Seattle, WA) and 10 ng/mL murine intecleukin-3
(IL-3; R&D, Minneapolis, MN). Grnulocyte/macrophage colony-
forming unit (GM-CFU) colonies were counted after 7 days of culrare.
Burst-forming unjt—erythreid (BFU-E) growih was stimolated by 100
ng/mL SCF amd 4 WmL human erythropotetin (EPD; Behningwerke,
Marburg, Germany), titrated te an optimal conceatration. Colenies were
counted after 10 days of cutture. The culture medium of the erythroid
progenitors also contained hemine {bovine, type I Sigma) at a
concentration of 2 X 107% mol/L..

Megakaryocyte progenitor cells (CEU-Meg) swere culivred in 0.375%
agar cultwres. Colony formation was stimulated by 100 ngfmk SCE. 10
ngfmb IL-3, and 10 ng/ml. murine TPO {Genentech Inc). After 10 days,
the cultures were dried. stajned for acetylchelinesterase-positive cells,
ard counted. ¥ All culiures were grown in duplicate at A9°C in a fully
humidified atmosphere with 10% CO; in the air. Colony numbers are
expressed as a number per femur or per spleen and represent the
man * SD of individuad mice,

The spleen eofony assay.  This assay was performed as describad by
Till and McCulloch.® Briefly, mice were injected with one fifih of the
cell content of & femur in HHBS vne day after TBL Thirteen days later,
mice were killed, and spleens weze excised and fixed in Tellyesniczhy’s
solution (63% erthanol, 5% acetie avid, and 2% formaldehyde) in HO.
Colony nuinbers were expressed as a number per donor femur & SD.
The cells giving rise to the spleen colonies were designated as day 13
CFU-spleen (CFU-§}, shordy CFU-S-13,

Mureaw repopidating ebility (MRA).  Bone marmew frony mice
imadisted with 9 Gy T8I in 3 equal fractions, each separated by 24
hewrs) was collected 24 hours after the last fraction of T8I, and 10
tethally imadiated recipient mice were injected with the celfular content
af ope femur of control mice or mice treated with 0.3 pg of TPO 2 hours
alter eavh fraction of TBL After |3 days the bune marrow of recipient
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mice were assayed for the presence of GM-CFUM MRA s expressed as
the number of GM-CFU per recipient femur. Data from two indepen-
dent experiments with similar results were pooled. At the time points of
1 and 3 menths and for normal mice, the standard number of 10° bone
marrow cells was injected.

Statistics. SDis were caleulated and are given in the text and the
figares on the assunption of a normal distdibution. The significance of 2
difference was calculated by one-way analysis of variance followed by a
nonpaired Stadent’s #test using StatView (Abacus Concepts Inc,
Berkeley, CA). The SD of CFU-8-13 was calealated on the assumption
that crude colony counts are Poissen distibuted. Differences in
repopulating abilities were evaluated using Fisher's exact test. All
colony assays were performed in daplicate for individual mice. The
1esulis of the colony assays are expressed as the mean * SD per femur
or spleen for at least three mice per group,

RESULTS

Efftcacy of TP affer 6 Gy TBI. Exposure of mice 10 a TBI
dose of 6 Gy resulted in severe bone marrow suppression and
impaired bleed cell production for a period of about 3 weeks.
The nadir for thrombecytes occurred arourd day 10 (Fig 1). A
single dose of TPO administered 24 hours after TBT was
effective in atleviating the thrombecyte nadir. Platelet counts 10
days after imadintion were 465 ® [42 X 10%L (n= 15)
compared with 144 = 62 X [0°/L for contrel mice (n = 14),
(Fig 1 and Table 1). TPQ injected 2 hours after exposure was
significantly more effective, thrombocyte levels 10 days after
TBI being 739 + 165 X 10%L (n = 15, P < .0001), White
blood cell regeneration was not influenced by TPO adminis-
tered 24 hours after TBI; counts at day 10 were 0.4 = 0.1 X
10%L, similar to 0.4 = 0.1 X 10%L for control mice (Table 1).
Hewever, if TPO was administered 2 hours after TBE, white
blood cell counts 10 days after TBI were 1.1 = 0.4 X 10°/L. For
red blood cells the resulls were: 7.2 & 0.5 X H'YL for control
mice, 7.5 % 0.5 X 10'¥L for the 24-howr mice, and 9.0 + 0.6 X
1011 for mice treated 2 hours after TBI (Table 1), Clearly,
administration earlier than 24 hours after TBI resulted in an
accelerated multilineage peripheral blood reconstitution in

s
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Flg 1. Regeneration pattern of platelets [n mice lrradlated with 6
Gy TBland treated with 0.3 jug/mouse of TPO 24 hours after TB1(0), 2
heurs atter TB! (M}, or placebo {O), data from one representative
experiment, n = 3 per data point. The skaded area represents tha
mean platelat counts S of 19 normal mice {1123 + 83), *P < 0001
compared with control mice; *P < 0001 compared with mice treated
24 hours after TBE

Table 1. Major Peripheral Bload Cell Counts 10 Days After 6 Gy Til
and IP TPO Adminlstration

Time Red Blood  White Blood
Relative TPO Dose Cefls Cel's Platelets
tn TBE fpg) n {107 {=10%1} [=10%1)
— — 14 7.2+05 04041 144 X 62
+24% 03 15 75x086 04x01 465 * 142+
+2h 03 16 80 0.6%F 1.1 £ 04% 739 % 165*t
—2h 9.3 3 90*02* 07 x02% 533 % 65%t
~2h 30.0 3 90x 0.3 08x02% 718 + 86t
Normai mice - 19 0206 53+18  1,123x83

*Significantiy different from cantrol mice.

t8ignificantly different from mice ireated 24 howts after TBI.

+Significantly different from mice treated with 39 yg TPO 2 houwrs
before TRI{P = .03).

contrast to the lineage dominnnt effect of TPO when adminis-
tered 24 hours after TBL As is well kaown from previous
cbservations in mice and nophuman primates,** the mul(iin-
cage effects originated from accelerated reconstitution of pro-
genitor cells along the newtrophil, erythroid, and megakaryo-
cytic lineages measured in bone marrow of mice 7 days after
jrradiation. Femorat GM-CFU, BFU-E, and CFU-Meg reached
consistently higher numbers in the treatment group compared
with the placebo controls. (Fig 2). The resulis in the 24-hour
treatrment group were in between those of the 2-hour and control
groups, although the differences were significant only for
GM-CFU due to the large variance as a result of exponential
recenstitution of progenitor cells at this time interval afier TBL.
The higher number of femoral GM-CFU in the 24-hour
treatment greup compared with control numbers was not
refecied in accelerated leukocyte regeneration 10 days after
TBI {Fig 3), which is consistent with our previeus observation
in rhesus monkeys that the TPO effect on GM progenitors may
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Fig2. The effect of 0.3 pg TPO 24 hours or 2 hours after TBl on the
regeneration of bona marrow pragenitoss after 6 Gy TBHin mlce, GAS,
GM-CFU; E, BFU.E; and Meg, CFU-Meg per femur at day 7 after T81
{means * SE). The open bar () represents contraf mice (n = 6), the
fighily shaded bar (&} represents mice treated with TPO 24 hows
after TBI (n = 6}, and the dark shaded bar represents mice treated
with TPO 2 hours after TBI [n = ). *Bignificant compared with
control mice [P < .03), *significant compared with mice treated with
TPO 24 hours after trradiation (P < .03}
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Fig 3. The effect of the time of administration of 6.3 ng TPOIP on
peripheral blood cell counts 10 days after 6 Gy TBI. Values are
means + 8D, Shaded areas represent the mean + Sb of 14 control
mlce. The closed squates (M) are counts from mice treated with 30 pg
of mTP0 2 hours before irradiation. .

require administration of G- or GM-CSF for peripheral blood
manifestation.*%

To establish the optimal 1ime poiat for TPO administration,
mice were injected TP with a single dose of TPO at various
intervals before or after 6 Gy TBI. Based on Fig 1, the time
dependence of the effect of TPO treatment was evaluated 10
days after TBI. The effect of TPO was consistently optimal if
TPQ was administered 1P O or 2 hours after TBI (Fig 3).
Propressively lower counts wese observed when TPO was
injected a1 later time points; platelet counts at day 10 after TBI
did aot significantly differ berween mice treated 6 hours or later
after TBI, whereas the difference between later groups and the
0- and 2-hour groups were highly significant (P < ,003),

A similar time dependence was observed for white and red
blood cell counts. For the white blood cells, TPO administration

10 hours or fater after TBI resulied in counts not significantly
difierent from control mice while being significantly lower than
the 0- and 2-hour treatment groups. The effect on white blocd
cell regeneration could be attributed to differences in neutro-
philic grantlocytes and monoeytes. Flow cytometric analysis of
peripheral blood cells [Q days after imadiation performed in two
experiments revealed a major increase in the numbers of
ER-MP20-positive granulocytes and monocytes in the TPO
treated mice, whereas the number of CDHCDS-positive T cells
was similar in TPO treated mice compared with controls (data
ot shown), thus showing the myeloid nature of the white blocd
cell response, Also for red blood cells a gradual decline in
effectiveness of TPO with later administration of TPO was
observed. We noted that there was no difference between the
effects of TPO administration at © hours and at 2 hours after
TBI, whereas TPO administration 2 hours before TBI resulted
in consistently lower levels of platelets and white bleod cells at
day 10. The hypothesis that pharmacological levels of TPO in
the first hours afier TBI are requized was initially evaluated by
administration of a very high dose of TPO before TBI to
examine whether an efficacy coufd be reached similar (o that
obtained by TPO early after irradiation. Administration of 30 ug
TPO IP 2 hours before TB1 was as effective as 0.3 pg IP 2 houss
after TB1 (Table 1 and Fig 3). The dose of 0.3 gg/mouse [P 2
hours before imadiation was sigaificantly less effective com-
pared with the 30-pg dose in alleviating the thrombocyte nadir
{P = .03) (Fable 1 and Fig 3).

The improved efficacy of TPO when administered early and
the dacline in the efficacy at time points Jater than 4 hours afler
TBI led us to speculate that relatively high tevels of TPO in the
first 2 hours after administration would be of decisive impor-
tance for its efficacy. A pharmacckinetic analysis of plasma
levels after IP injection of 0.3 ug TPO revealed that peak levels
of 29 rg/mL were reached 2 to 2.5 hours after administration,
with a terminal half-life of 35 hours and a clearance of 27
mlMfkg. After the maximum value, there was an initial steep
decline followed by a slower wash-out phase {Fig 4). On the
basis of these data, in combination with those of Fig 3, we
postulated that the multilineage efficacy of TPO was depeadent
on a threshold level of TPG within the first few hours after TBI.
The time course and the plasma level required were accurately
assessed using [V administration of TPG {Table 2 and Fig 5). TV
adminisiration also showed that early treatment (0 and 2 houes
after TBI) was considerably more effective in stimulation of
platelet level regeneration than treatment 24 hours after TBI.
The multilineage effects seen with carly IP treatment were alsa
observed with early IV administration, and were similarly lost if
TPO was administered 24 hours after TBI (Table 2). Lowering
the dose of TPO to 0.1 pg/mouse did not affect the results, but at
0.03 ppfmouse or lower efficacy was lost, thus demonsirating a
threshold TPO Level required 1o achieve optimal maliilineage
efficacy (Fig 5).

Efficacy of TPO after fracrionwed irradiadon.  To enable
assessment of immalure hematopoietic cells by short-ferm
transplantation assays, which is technically not feasible shortly
after 6 Gy TBI due to the very low frequency of residual
immatere cells, we amplified the TP response by adjusting the
maodel by fractionation of a totzl dose of 9 Gy TBI in three equal
doses separated by 24 hours. This regimen induced a slightly
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Fig 4. Plasma level of TPO after IP administration of 3 doses of 0.3
pgfmousa separated by 24 hours each (dotted knes}, and of a single
dose 0f 0.9 pg/mouse {selid line). For explanation, see text.

more profound pancytopeaia than the single dose of 6 Gy TB1
(Fig 6). Fractionated TBI wounld also more closely resemble the
profracted cytotoxic insult administered to chemotherapy pa-
tients. Groups of mice received either no TPO, or were treated
with (.9 pg TPO 2 hours after the last fraction of TBI, 0.3 pg
TPO 2 hours after each fraction of TBI, or 0.9 5 TPG 2 hours
before the first fraction of TBI. Pharmacokinetic aralysis of
repelitive EP administration (three doses of 0.3 pg/mouse, each
separated by 24 hours) did not reveal accumulation of TPO
plasma levels, The dose oI 0.9 pg/mouse resulted in higher peak
plasma levels (151 ng/mL) without affecting the terminal
hatf-life or clearance {Fig 4}, TPO administered 2 hours afier
each fraction of radiation completely prevented thrombopenia
{Fig 6 and Table 3). This schedule did not prevent the severe
reduction in neutrophils, but accelerated their recovery to
nermal values. Platelet counts and red and white blood celis
were significantly lower in the group treated with 0.9 pg TPO 2
hours after the last fraction compared with 0.3 pg TPO 2 hours
after each fraction. Administration of TPQO 2 hours before the
first fraction in a dose of 0.9 ug/mouse was largely ineffective.
The effect of TPO on bleod cell regeneration was also reflected
at the level of progenitors of different blowd cell lincages (Fig
7). Placebo mice and mice treated with (.9 pg/mouse 2 hours
before TBE displayed very low levels of progenilors even at day
13 after TBI, before progeaiter cell reconstitution resuited in a

Table 2. Major Paripheral Bloced Cell Counts 10 Days After 6 Gy TBI
and IV TPO Administration at Different Timepoints After TBI

Time TPO Red8lood  White Bload
Relative Dose Cells Celts Flatelels
ta TBY gt 0 =101 {3050 [£5{258]
- - 14 72905t 04F0.41 144 = §2¢
1] 03 12 87x05' 10=02¥ 838 = 116*
2 03 6 88+06° 10+01* 765 + 119%
4 03 6 82x05% 07x01* 658 * 140*t
6 03 & 83x03° 0501t 691 £ 774t
8 03 €& 78=03*% 05=0.1% 504 * 8%t
24 03 3 75x02f 03+01% 424 + 143*%
Normslmice — 19 102+06 63+19 1,123 + 83

*Significantly different from control mice.
tSignificantiy differant from the 0-hour treatment group.

large overshoot, especially manifest in the spleen 3 weeks after
TBI In contrast, the schedule optimal for Blood cell regenera-
tion (2 houss after each fraction) also led to a rapid normatiza-
tion of progenitor cells in the spleea without the characteristic
large cversheot in the placebo controls (P = .01 at day 17) and
in the mice treated with the suboptimal TPO dose schedule. In
the fractionated radiation model, administration of 30 pg of
TPQ 2 hours before the first radiation fraction was as effective
as TPO zdministered 2 hours after each dose of radiation (Table
3 and Fig 6).

Because the progenitor cell data of irmadiated TPO-treated
mice in this {ractionated TBI regimen indicated a prominent
effect of TPC on immature bone marrow BM cells, CFU-5-13
were enwmerated, the MRA of bone marrow of the TPO-treated
mice assessed, and progenitor cells assayed 24 hours after the
fast TBI fraction (Table 4). The nwmbers of CFU-8-13 of mice
treated with TPO 2 hours after each dose of imadiation were
appraximately [4-fold those of the placebo control mice (Table
4). The progenitor cell content of the bone marow 24 hours
after TBI was also significanily increased {Table 4), GM-CIFU
numbers per femur approximately 4-fold, BFU-E numbers
65-fold, and CFU-Mep 20-fold those of placebo control mice,
which grossly comesponds to the efficacy of FPO treatment
along those lineages, The NRA of TPO-treated mice, defined as
secondary GM-CFU in the bone marow of lethally irradiated
recipients, was more than one order of magnitude reduced in the
TPO-treated mice compared with placebo-treated controls (Fig
$). This result showed that the TPO-stimulated increase of
CFU-8-13 and progenitor cells occurred at the expense of the
more immature MRA cells, which were proportionally depleted.
Although day §3, which is the time of the peripheral blood
couni nadirs at which white blood cells were undetectable in
both groups of lethally irradiated recipients. is net the most
suitable time interval to study the impact of this shift among the
immature bone marrow cells on peripheral blood cell reconstitu-
tion, the difference in repopulating ability was also clearly
reflected in the erythrocyte as well as the thrombocyte counts of
the lethably imadiated recipients wsed for the MRA assay
(measused in one of the two experiments from which the upper
panel of Fig 8 was dedved). The 10 recipients of bone marrow
from TPO-teeated mice reacked erythrocyte counts all exceed-
ing 4.4 X 10'/L¢4.7 £ 0.3), and ail but 1 reached thrombocyte
counts of more than 10 X 101, as opposed 10 the 8 (of 10)
surviving recipients of bone marrew from placebo-treated mice
that had erythrocyte counts of 3.4 %= 0.9 X [0'YL and
thrombocyte counts of 3.5 £ 2.8 X 1091, These differences are
highly significant (P = 002 and P = 006, respectively: Fish-
er’s exact test), thus iflustrating the importance of spleen-
repopulating cells in early reconstitelion of peripheral bleod
counts in mice. Bevause a depletion of immature stem cells,
such as measured by the MRA assay, could be potentially
deleterions in the clinical setting, the effect of TPO on bone
marrow progeaitor ceils was also evaluated afler a more
proloaged interval. Peripheral blood count and progenitor cell
content of both spleen and femurs were evalvated 1 and 3
months after the 3 X 3 Gy irradiation protocol. Peripheral blood
counis did not differ between TPO- or placebo-freated mice at 1
and 3 months, and also the femeoral and spleen content of
GM-CFU, BFU-E, and CFU-Meg was not different between
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both groups at either time point (data not shown). At these time
intervals, we also measured the MRA of the bone marrow of the
TPO- versus placebo-treated mice (Fig 8). MRA cells were
similar ir both groups of mice at 1 moath after imadiation
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Fig 8. The effect of TPO on hematopoietic regéensration after 9 Gy
TBEin mite. The mice were irradiated with three fractions (Y} of 3 Gy
with 24-hour intervals. In the upper panel platelet regeneration is
depicted, In the middia panel red blood cefl regeneration is shown,
and in the lower panel white blood cell regeneration is shown, {C)},
mice treated with three doses of 0.3 pg/mouse of mTPO 1P 2 hours
after each fraction of TBE; (d), mice treated with 0.9 jeg IP 2 hours akter
the last fraction of TBl {day 0}; {W}, mice treated with 0.9 pgiP 2 hours
befare the first fraction of TBI; {C], contro] mice. Data are given as
means = SD, three mice per data point per group, The efosed
triangles (A) are counts from mice treated with 30 pg of mTPG P 2
hours bafore irradiation (n = 3).

although stifl depleted compared with normal levels. At 3
months after irradiation, MRA cells in both groups had returned
1o subpormal levels,. again without a gifference between the
recipient groups. On this basis, we concluded that the initial

Fig5. Dosewresponse curves for the multilineage effect of TPO admin-
istered IV immediately after 6 Gy TBi. Peripheral bfood cell counts 10days
after 6 Gy TBI. Values are means x SD, n = 6 for the doses of 0.01, 0.03,
and 0.1 g and n = 12 for the dose 0.3 pg/mouse. The verticatl line Int the
upper panel represents the dose level of 0,15 pgfmouse, which results in
50% saturation of ¢-mpfon platelets. Tha placebo control fevels coincide
with the fevel at which the hotizontal axis is set.
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Tabla 3. Major Peripheral Blood Cell Counts 10 Days Afier 9 Gy T8
{3 x 3 Gy, 24 Hours Apart} and |# TPO Administration

Time Elie] Red Blood White Blood

Refative Dose Cells Cells Plate'sts

to TBI {ug) n (X100 X103 (1051

- - 9 5808 028x005 51+ 35
3x + 2h 03 6 86x0.2" 0.93+9.23" 883 + 163"
+2h 09 3 66207 043=*006° 527 + 136*
—2h 08 3 72=x=02* 0470065 215 = 80t
-zh 300 3 8410 080x0.10¢ 792 = 167*

Normafmice — 19 102x06 53x13 1,123 * 89

33X + 2b, three doses of 0.3 pg TPO 2 hours after each dose of TRI;
+2h, 0.9 pg TPO 2 hours after the {ast dosa of TB); ~2h, 0.9 cr 30 pg
TPO 2 hours hefore the first dose ¢1 T8I

1Significantly different fram control mice,

tSigniffcantly different from mice treated with 30 ug TPO 2 hours
before TBI.

depletion of MRA of TPO-treated mice became replenished
during long-term hematopoietic reconstitution from celis with,
by definition, long-term repopulating ability. The protracted
nature of MRA teconstitution, which has net been documented
before, is noteworthy.
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Fig 7. Regeneralion of progenitor cells in bone marrow {upper
panel} and spleen (fower panall at 7, 10, 13, and 17 days after the last
fraction of TBl{n mice irradiated with three fractions of 3 Gy with 24
hour intervals. (W), GM-GFU per fernur or spleen; {E3), BFU-E; {0},
CFU-Megs per femur or spleen. Placebo, controf mice; TPO-2h, mice
treated with 0.9 pg FPO 2 hours belore the first fraction of TBIL TPO+
2h, mice treated with 0.9 pg 2 houis after the last fraction of TBE;
TPO3x+2h, mite treated with three doses of 0.3 pg/mouse 2 hours
after ¢ach fraction of T81, thrae mice per data polni. SDs were
calcufated for the sum of the individual colonles per mouse. *Signift-
cantly different from time matched controls [P < .05}, **{P < .005}.

Table 4, Effects of TPO Treatment After 3 Gy TBI {3 x 3 Gy, 24 Hours

Apart) on CFU-5-13 and Progenitor Cell Content of Bone Marrow 24

Hours After the Last Dose of TBlin Mice Treated With TPQ IP 2 Hours
After Each Dose of TB] Versus Control

CRJ-5-13
(Colonias GM-CFU! BFU-E/ CFU-Meg/
Treatment pet Femut) Femur Femur Femur
Placebe 2x2 597 =228 83=x3 2210
TPO3I X 03 27 6 2026 131* 558 =282% 430 + 135*

1Significantly different from placebo.

DISCUSSION

The present analysis shows that a single administration of
TP is capable of counteracting radiation-induced pancytope-
nia mediated through its effect on immature multiineage
vepopulating cells and their direct progeny, thereby prometing
periplieral blood recenstitution of thrombecytes, erythrocytes,
and granwlocytes. Multilineage efficacy was critically depen-
dent on time relative to TBT and a relatively high dose of TPO.
In particufar, the first few hours after TBI appeared o be
important (o elicit the multilineage response to TPO. Mecha-
nisms involved included prevention of depletion of multilineage
cels during the first 24 heurs after TBI, a preferential stimula-
tion of spleen-repopulating cells with short-term peripheral
Dbiood reconstituting ability at the transient expense of mamrow-
repopulating celis, and a threshold dose of TPO 1o overcome
initial c-mpl-mediated clearance,

The mechanism by which TPO makes multilineage ceils
available for accelerated hematopoietic reconslitution remains
to be further elucidated, as does 1heir appareat functioral
depleticn as a function of time after THI in the absence of TPO.
Multilineage TPO responsiveness declined sharply as a function
of time after TBI, leaving a lineage dominant thrombopoietic
response when administered 24 hours after TBI, This indicates
that in the absence of TPO, multilineage TPO responsive cells
are rapidly depleted or become inaccessible. The loss of the
multikineage TPO response may have diverse and complex
causes, which include apeptosis or radiation-induced cefl death,
differentiztion aleng other kematopoictic lineages, inhibition
mediated by cytokines produced in respoase to radiation injury,
or inaccessibility of the immuture cells for TPO due to stromal
reactions 10 radiation. TPO has been shown to prevent apoplosis
of immature hematopoietic cells® and this might be a prime
candidate mechanism to explain the short time interval avail-
able for optimally effective TPO interveation. In vitro, TPO
does not confer a proliferative respense to immature hematopoi-
etic cells, but does so strongly in she presence of suitable other
factors, eg, Kit ligand.®~? The mechanisms involved might
therefore also include activation of one or more cofactors
required for the streng proliferative response observed in the
present study. We also do not exclude that the effect of TPO on
multitineage cells is augmented by the release of various
cytokines by megakaryocytes™* subsequent to stimelation by
TPO, although the time frame observed makes such & mecha-
nism not likely.

The lack of a [eukocyle response 10 days aiter 6 Gy TBI in
the presence of significantly more GM-CFU at 7 days in the
24-hour treatment group is noteworthy. The neatrophil response
to TPQ has been varable throughout the reported stud-
jes 6114536 We ghserved in 2 myelosuppression model in
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GM-CFU/femur

normal

individual mice

Fig 8. Marrew repopulating abltity: GM-CFtJ, ranked in ascending
ordet, on day 13 in femurs of reciplents of bone marrow of mice
treated with 0.3 pg TPO 1P 2 hours after each fraction of 3 Gy 781 (@}
in compaiison with these of recipients of control masrow {0)) of mice
that did not receive TPO. Bpper panel: a total of 25 mice wera Injected
with bona marrow {the content of t femur, 24 hours after TBI} of
TPO-treated mice of which only 5 mice had more than 10 GM-CFU per
femur, and 17 {surviving of 20 injected) mice with hong marrow of
placebo-treated mice of which 10 had more than 10 GM-CFU per
femur. Results from fwo experdments. This difference is highly
slgnificant {P = .01, Fisher’s exact test]. Upper middls panel: 10 mice
ware injacied with the standard 10% bone marrow cells from each of
the groups t month after T8I, of which in each reciplent group 9 mice
survived and 5 mice had more than 10 GM-CFU per femur, Lower
middle panek 10 mice were injected with the standard 10° bone
marrow cells from each of the groups 3 months after TBE of which in
the recipient group of the TPO-treated nrica T mouse died before day
13 and {1 mouse had less than 10 GM-CFU/femur. Lower panel: 20
mice wete injected with tha standard 10° hone marrow cells from
normal, untreated denors for comparison,

thesus monkeys that TPO-stimulated GM-CFU reconstitution
was not reflected in an increase in peripheral blood granulocytes
which, however, could be brought cut by coadministration of
G- or GM-CSFE%! Thus, without exogenous CSFs, the myeloid
progenitor celb effect of TPO after myelosuppression may
remain urnoticed at the peripheral blood cell level, to which the
short survival of circutating neatrophils might also contribute,

These observations are fully consistent with the mouse data
presented here, It is not inconceivable that some myelosuppres-
sion regimens may result in sufiiciently high endogenous CSF
levels for a sigaificant newtrophil response to exogenous TPO
alone, as has been observed in some studies 31145

To establish the TPO dose level needed, a dose fitration was
performed using IV administration immediately after irradia-
tion. The doses of 0.3 and 0.1 pg/movse (12 and 4 pglkg,
respectively) gave identical results, whereas 0.03 {1.2 pg/kg)
and 0.01 pg/mouse were Jargely ineffective. This observation is
interpreted as evidence for a threshotd level of TPO sequired for
optimal efficacy. It was previousty shown*#* that TV injection
of ™ LrmTPO into mice resvlts in an initial sharp decline in
plasma levels, followed by steady state clearance approximately
3 hours after 1V injection.?® A lower dose does not influence the
terminal half-life.'* After IV bolus injection, the initial rapid
decling in plasma TPO levels is due to binding of TPO to ¢-mpl
on platelets and on cells in the spleen,? whereas the slower
terminal decline is likely related to uptake and clearance by
c-mpl on platelets, spleen cells, and megakaryocytes, as well as
nonspecific mechanisms.?*#” The initial binding and uptake of
TP to ¢-mpl is concentration dependent and becomes saterated
at higher doses, lcading 1o greater plasma TPO levels® This
relationship between TP pharmacokinetics and c-mpl levels
has recently been studied in normal mice, which showed that an
1V dose of approximately 6 pgfkg {~=0.15 pg/mouse) was
needed to oblain an occupancy of 50% of c-mpl sites (indicated
in Fig 5). Doses greater than 6 pg/kg began lo saturate this
specific clearance mechanism, whereas lower doses failed 1o
reach 50% receptor occupancy.®® This is consistent with a
threshold level of TPQ needed 0 overcome initial c-mpl—
mediated clearance and to result in sufficient plasma TPO levels
1o achieve a maximal hematopoiedic response. Doses larger than
6 pg/kg (0.15 pgfmouse) may not provide any greater efficacy.
These data are consistent with the findings presented in Fig 3,
showing that the hematopoietic recoveries after 1V doses of 0.3
and Q.1 pefmouse (12 and 4 ppfke, respectively) were not
different, whereas a dose of 0.03 pp/mouse (1.2 png/kg) was
suboptimat in prevenling myelosuppression. Based on the
previous 1Y pharmacokinetic data comparing TPO plasma
levels in c-rupl knockout and normal mice,?* it was inferred that
40% of the exogenous TPO binds to c-mp! on platelets and 60%
is available as free TPO in the plasma, Assuming a plasma
volume of 1 mL in a 25-g mouse, the suboptimal dose of 0.03
pg/meuse results in a maximum level of 20 ng/ml. and the
effective dose of 0.1 pg/mouse in 60 ng/mi.. Consequently, the
minimum effective or (hreshold plasma level is in between
those levels,

Fractionation of the dose of radintion and appropriate dosing
of 'TPO was thought to amplify the TPO effect on immature
cefls to enable shorf-term transplantation assays. Such an
approach would also be more representative of clinically used
radiation regimens and of the protracted rature of cytoreductive
weatment by means of chemotherapy. Also after fractionated
TBI (3 X 3 Gy, 24 hours apart), the optimal dose and dose
scheduling of TPO derived from the 6 Gy experiments, ie, 0.3
pglmouse, 2 hours after each TBE fraction, prevented thrombo-
penia and promoted erythrocyte and lenkocyte reconstituion.
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We nated that also the femoral and spleen progenitor cells (Fig
7) nomalized rapidly and lacked the late overshoot in the
spleen characteristic of the placebo controls, Because the range
of stimulation by TPO was nol fineage specific, we postulated
that the effect was mediated by stimulation of muliilineage
celis, After transplantation of bone marrow into lethally #rradi-
ated recipients, the number of CFU-8-13 is a measure for
relatively immature repopulating stem cells,*? associated with
the initial, short-term wave of hematepoietic reconstitution,
which lasts for several months.™ By this assay it was shown that
the multilineage effect of TPO administered 2 hours after TBI is
mediated through stimulation of these immaiure cells and is
alseady manifest 24 hours afier the last fraction of TBI. The
nuteber of secordary i vitro clonogenic progenitors in the bone
marrow of such recipients is a measure of the MRA of the graft,
the primary cells being closely associated with those that
provide sustained hematepoiesis after bone marrow transplanta-
tion 3 MRA, measured by enumeration of GM-CFU sumbers
in the bone marrow of mice injected with cells from TPO treated
mice, was one to two erders of magnitude less than that in
control mice. The increase of CFU-5-13 and the concomitant
decrease of cells with MRA most likely indicates recruitment of
multilineage shon-term repopulating cells from a more imma-
ture ancestral population. This is the mere conceivable from the
magnitwde of this effect {14-fold for CFU-8), which suggests
three to fowr cell doublings. Because these occurred during the 3
days that etapsed from the first TPO administration to the time
of the measurement, 24 howrs after the last fraction of TBi, this
would be in close agreement with the doubling time established
previously?’ for such immature cell populations during hemato-
poietic reconstitution. The decline in mamow-repepulating cells
with the concomitant increase of spleen-repopulating cells
could also be considercd as a shift in homing pattern among
these immuature cells, Te date, there is no evidence to suggest
that such a shift may occur without cell divisiens, whereas the
ancestral position of the marrow-repopulating celfs relative 1o
the spleen colony-forming cells has been well documented 45252

The depleiion of MRA cells in the TPO-treated mice,
measured 24 hours after TBE, was transient. Peripheral blood
cell regeneration 1 and 3 months after three fractions of 3 Gy
was not different in mice treated with TPO compared with
controls and mneither were the femeoral and spleen in vitro
coleny-forming cell numbers. Assessment of the MRA at the
same time intervals also did net show differences between the
TPO-treated mice and the placebo group., We iaterpret these
cbservations as replenishment of the MRA cells from a more
ancestral cell population with, by definition, long-term repopu-
lating ability, consistent with a model in which MRA celis are a
transitory population intermediate to stem cells with tong-term
repopulating ability and the spleen-repopulating cells measured
by the CFU-8-13 assay. To date, the effect of TPO treatment on
long-term repopulating celfs has not been quantitatively docu-
mented. Recently, it was reported that transplantation of bone
marrew {rom TPO-reated, 3.5-Gy imadiated donor mice facili-
tated the 90-day survival of the recipieat mice.™* However, this
survival effect had become established already al the shert-ienm
hematopoietic reconstitution parameter of 30-day survival (in
practice already within 17 days), closely associated™ (o the
CFH-$-13 assay used in the present study. Using such an

experimental design (o establish TPO effects on long-term
repopulating cells would require a genetic marker capable of
distinguishing between donor and recipient cells along multiple
hematopoietic lineages,

In addition, we showed that TPO is effective if administered
at a very high dose shortly before myelosuppressive TBL The
dose used, 30 pg/mouse (1.2 mg/kg), suprasaturates the c-mipl—
mediated clearance mechanism {which makes pharmacokinetic
measurements futile) and is nol recommended Tor clinical use,
We did not so far establish empirically the minimum effective
dose required for prophylactic TPO adiinistration, but such a
dose could be derived on the assumption of maintaining plasma
TPO levels of approximately 60 ng/ml. in the first hours afler
TBI as calculated above, However, the observation has rel-
evance for the further development of efficacious dose and dose
scheduling regimens, especially in corjunction with chemother-
apy, as well as in the area of radiation protection. The present
study did not address propensity to hemorrhage and preveniion
of mortality, but rather was directed at mechanisms important to
optimize eftficacy, The benefit of TPO treatment shorily afier
much higher (“supralethal”) doses of TBI on survival and
prevention of bleeding will be published separately.™

In vivo studies on TPO efficacy have yielded various results,
in that in normal animals usualiy only a platelet respoase was
obtained,*7*%5? whereas in myelosuppressed animals multilin-
eage responses was the prevailing pattern, 391 SIIR06] 5
after trapsplantation of limited numbers of stem cells no
response was obtained at aH.%? On the basis of this heterogene-
ity, it can be assumed that the response to exogenous TPO is
determined by multiple factors. We already pointed out the
importance of celreatment with G-CSF or GM-CSF to make the
TPO effect on GM-CFU reconstitution manifest in newirophil
numbers in the peripheral blocd. The present study also
identifies time relative to myelosuppression and dose of exog-
enous TPO as pivelal factors. In addition, the difference
between normal and myelosuppressed animals indicates that the
TPO respense of immatere cells might be dependent on the
presence or activatioa of one or more cofactors. As already
pointed out, TPO by itself does not induce in vitro a prolifera-
tive response in imsmature bone marrow cells, but does so
strongly in synergy with, eg, Kit ligand -2 1dentificztion of the
cofactor(s) which operate in imadiated or otherwise myelosup-
pressed animals to generate a proliferative response to TPO
administration might therefore be highly relevant as well 10
improve the clinical TPO response,

Irrespective of the mechanisms involved, the optimal efficacy
of TPO if administered within 2 hours after cytoreductive
treatment places emphasis on the importance of dose and dose
scheduling in clinical protocols of cancer treatment andfor after
bone mamow transplintation. Indeed, the initial clinical expen-
ence did not demonstrate a major effect similar to those
observed in the experiments described here.#40 It is concluded
that dosing similar to what has become conventional based on
the G-CSF and GM-CSF experience is not optimal for TPO and
that its efticacy can be substantially improved by achieving
relatively high TPO leveis shortly after cytoreductive treatment.
This was attributable to the dual target cell nafure of the TPO
response, of which the important multilineage component is
functionally depleted shortly after radiation exposure, and to the
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identified threshold plasma level of TPO required to overcome
its initial c-mpl-mediated clearance.
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7.1 INFTRODUCTION

The cloning of the gene for thrombopoietin and the subsequent production of various
forms of the protein have led to extensive research directed at the physiological role,
mechanisi(s} of action, regulatory mechanisms and potential clinical applications of TPO.
The experimental work described in this thesis supports the hypothesis that the cytokine
reguiating platelet production might have therapeutic applications in counteracting
induced thrombocytopenic conditions. In preclinical experiments in rhesus monkeys, the
efficacy of TPO after myelosuppression and after bone marrow transplantation was
investigated, and in studies with myelosuppressed mice the administration schedule was
improved and the cellular basis of the multilineage effects further etucidated.

Evaluation of TPO in a myelosuppression model is clinically relevant since many
oncology patients become thrombocytopenic as an adverse effect of anti-cancer
treatment. This may lead to complications such as bleeding and often results in treatment
interruptions which are unfavorable for probability of cure. (1-5) Prevention of
thrombocytopenia therefore would reduce morbidity and decrease the number of
thrombocyte transfusions needed. This is also beneficial in view of the occurrence of
allosensitization in response to platelet transfusions which should be avoided, especially
if an allogeneic bone marrow or stem cel! transplantation is contemplated, and in view of
infection risks related to the use of blood products. Since thrombocyte transfusions
account for a considerable part of treatment costs, thrombopoietin therapy might also
reduce those,

Severe myelosuppression as occurs  with certain  chemotherapy regimens, or
myeloablation in the treatment of hematologic maliginancies, require a hematopoietic stem
cell transplant to ensure hematopoietic reconstitution. However, reconstitution following
transplantation is often impaired, and protracted thrombocytopenia is a well known
problem, especially in patients subjected to prior chemotherapy. (6-10) Patients would
benefit from adjuvant or supportive ireatment modalities to enhance blood cell
reconstitution. For this reason, the efficacy of TPO to stimulate platelet regeneration was
also evaluated in a model for purified stem cell (ransplantation.

TPO greatly promoted thrombocyte regeneration after a myelosuppressive dose of 5 Gy
TBI, which resuits in severe pancytopenia for a period of approximately 3 weeks. TPO
when administered alone also enhanced red blood cell reconstitution. Combining TPO
with either of the two myeloid growth factors registered for clinical use, G-CSF or GM-
CSF, was even more efficacious; the stimulating effect on platelet regeneration was
maintained while TPO acted in syneigy with the CSF's to enhance neutrophil
regeneration. The effects outside the megakaryocytic lineage were originally not
anticipated and could be demonstrated to result from accelerated multilineage BM
progenitor cell regeneration. However, despite the promising results in the
myelosuppression model, TPO was incffective after 8 Gy TBI and transplantation of a
highly defined stem cell subset.
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A separate set of experiments was carried out in myelosuppressed mice to adjust the dose
schedule of TPO in order to maximize the multilineage response. An optimal effect could
be achieved if TPQ was administered within the first few hours after TBI. Furthermore,
the origin of the multilineage response was investigated by determining the effect of TPO
on immature hematopoietic cells, i.e., day [3 spleen colony-forming cells (CFU-S-13) and
cells with marrow repopulating ability (MRA).

A comprehensive model to explain both the in vifro and the in vive results obtained
with recombinant TPO is emerging. In line with expectations, TPO was shown to be the
physiologic regulator of platelet production. Mice genetically engineered to be deficient
for either TPO or its receptof are severely thrombocytopenic (11-13), demonstrating the
importance of TPO in maintaining fn vive platelet levels, In vitro, TPO is a powerful
megakaryocyte colony stimulating factor and also suppotts the maturation of
megakaryocytes. (14-16) Injection into normal experimental animals induced a striking
thrombocytosis and increased numbers of megakaryocytes in the bone marrow. (14,16-
18) TPO levels appeared to be simply regulated by a c-mp/ mediated clearance
mechanism and therefore, since c-mpl is present on platelets, predominantly by platelet
114ass.

Contrary to initial expectations of lineage dominance, TPO was also shown to be an
early acting cytokine, Apart from expression throughout the megakaryocytic lineage
{19-21), the TPO receptor is present on multilineage hematopoietic precursor cells in both
mice and humans. (21,22) Effects exerted on those early cells include suppression of
apoptosis of immature cells. (23-26) Also, TPO stimulates in vitre colony formation from
those cells in synergy with other growth factors such as SCF and IL-3. (22,27-32) This /n
vitro dependence of TPO on other cytokines for a proliferative effect on immature
multilineage cells is reflected in vive by the difference in effects of TPO in normal and
myelosuppressed animals. In normal animals the effect is mainly thrombopoietic whereas
after myelosuppression multilineage effects have been demonstrated. (this thesis and (33-
36)) After myelosuppression, a variety of cylokines is upregulated and endogenously
produced that could act as the required co-factors. (37-40) It is, in addition, possible that
the effect of TPO on multilineage cells in vive is augmented by the release of various
cytokines by megakaryocyles (41,42) subsequent (o stimulation by TPO. To obtain an
optimal multilineage effect in mice it is important to administer TPO early after TBI in a
dose sufficient to overcome initial c-mp! mediated clearance. The precise mechanism of
action should be clarified to extrapolate these findings to an optimal clinical efficacy,

In this chapter the data presented in this thesis will be discussed against the background
of the expanding literature on the effects of TPO in preclinical settings. A final paragraph
will review the clinical data availabte to dale.
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7.2 EFFECTS OF TPO ADMINISTRATION IN NORMAL ANIMALS

Before a cytokine can be used in clinically relevant models, experiments m normal
animals are needed to invesligate the dose range needed for effectiveness, the
mechanism of action and potential adverse effects. The dose of human TPO used in the
experiments described in the first chapters was based on dose titration experiments
cartied out at Genentech in normal rhesus monkeys and rodents and was set at 10 pg/kg.
This is in the range of doses used by other groups (14,16-18) resulting in fous- to ten-fold
increases in platelet counts in normal animals. (14,16-18) Preceding the increase in platelet
numbers, an increase in the numbers of CFU-Meg in the bone marrow (17,18,34,43) and in
the volume and ploidy of megakaryocytes was observed. (18,34) Although increases in
the number of bone marrow BFU-E (33,34) or CFU-GM (33) have been reported,
increases in peripheral blood reticulocytes, erythrocytes or leukocytes were not
observed. (16-18,33,34)

Those results are consistent with the lrypothesis that additional cytokines are necessary
to produce mature end cells of other lineages than the megakaryocytic. In steady state
bone marrow the pharmacological doses of TPO only stimulate the proliferation of
megakaryocyte progenitors, the maturation of megakaryocytes and the production of
platelets, resulting in thrombocytosis, whereas stimulation of more immature cells may
lead to a certain expansion of bone marrow progenitors of other lineages without the
production of mature blood cells.

The only adverse effect reported is the development of cross-reacting antibodies in
normal dogs to human TPO. (44) This results in thrombocytopenia approximately 2
months after the start of TPO administration, accompanied by decreased numbers of bone
marrow megakaryocyles. Also in sublethally irradiated dogs, sensitization to human TPO
foliowed by thrombocytopenia has been reported. (45) Thrombocytopenia due to the
development of antibodies after TPO administration has not been published for other
species so far. However, patients treated with TPO should be carefully monitored,
especially if TPO will be used in otherwise healthy people, such as donors of allogeneic
transplants.

The presence of TPO receptors on platelets indicates that TPO might have a function
beyond the maturation of thrombocyles, such as modulating hemostasis. Although
activation of platelets has been observed in vitro (46-48), platelet aggregation only
occurred in the presence of other agonists. (46-48) The physiologic meaning of this
observation is not clear, and thrombotic events have not been reported in animal models.
(49) Other adverse effects have not been observed, also not due to the very high
thrombocyte counts induced by TPO treatment.
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7.3 EFFECTS OF TPO ADMINISTRATION AFTER MYELOSUPPRESSION

In the first part of this thesis the results of TPO administration to myelosuppressed rhesus
monkeys are described. A conventional growth factor dose schedule consisting of daily
dosing for 21 consecutive days, starting the day after TBI, was used. Results were very
promising in that thrombocyte recoustitution to normal values was accelerated by two
weeks, with an improvement of the thrombocyte nadir and a complete prevention of the
need for thrombocyte transfusions. The effect of TPO was not restricted to the
megakaryocytic lineage. FACScan analysis revealed much greater numbers of CD34"
cells in the bone marrow of TPQO treated monkeys. Using progenitor cell assays of
regenerating bone marrow it was shown that also GM-CFU and BFU-E recovery was
accelerated. This was reflected in an enhanced red blood cell nadir and, with co-
administraton of G-CSF, enhanced neutrophil reconstitution. Similar results on
thrombocyte regeneration after myelosuppression have been obtained by other groups,
{35,43,50,51) The effect of TPO on erythroid precursors and red blood cell regeneration
after TBI has also been demonstrated in mice (34), as was the regeneration enhancement
of bone marrow CFU-GM. (33) In our experiments, and in carboplatin treated mice (50,
an effect of TPO aione on peripheral blood neutrophil reconstitution was not
demonstrated, although in similar experiments in myelosuppressed mice and rhesus
monkeys, some efficacy along this lineage was observed. (35,43,52)

The combination of TPO with G-CSF leads to various resuits in different settings. In our
experiments, the combination of G-CSF and TPO counteracted the thrombocyte
recovery induced by TPO, as was similauly reported in a chemotherapy model in
baboons. (52) In normal mice, G-CSF down-modulated the effect of TPO on the ploidy of
megakaryocytes. (53) However, in %Co irradiated rhesus monkeys and in mice
myelosuppressed by irradiation and carboplatin this adverse effect was not seen (35,36),
or even enhanced thrombocyte regeneration compared to TPO alone was reported. (51)
For neutrophil regeneration the effect of the combination of TPO and G-CSF is also
heterogenous. We found a synergistic or additive effect as did certain other groups
(35,36,51), whereas in chemotherapy (reated baboons such effects were not observed.
(52) The reason for these discrepancies could relate to differences in the production of
endogenous cytokines duc o variations in the induction of myelosuppression, or
differences in the dose of exogenousty administered G-CSF,

The effects of TPO on erythrocyte regencration and BM progenitor cell recovery after
myelosuppression, fit with the concept of multilineage stimulation by TPO. The
difference between the effect of TPO on hematopeiesis in normal and myelosuppressed
animals likely results from the change in the cytokine environment that occurs following
myelosuppressive therapy. During the pancytopenic state cytokines are produced which
are normatly below detection level. This could for instance explain the differential effect
of TPO on erythroid cell production in normal and myelosuppressed animals. It has been
demonstrated that the erythropoietic effect of TPO is dependent on the presence of EPO
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{32,54,55), and the TPO receptor has been demonsirated on cultured human erythroblasts
(19) and on the early eryihroid progenitor cell BFU-E. (56) In normal animals,
administration of TPO leads to increased numbers of erythroid progenitors, but because
in steady state hematopoiesis levels of EPO are very low (39), an increase in red cell
numbers is not observed. After cytoreductive treatment, the animals progressively
become more anemic, which will induce a rise of EPO levels. Synergism between EPO
and TPO leads to increased numbers of CFU-E and reticulocytes. The increased
production of red blood cells elevates the hemoglobin nadir and, in the presence of
sufficient supplies of iron, accelerates reconstitution of normat Hb levels. (Chapters 2,3 and
4y Similarly, the increase in white blood cells in response to TPO administration in
myelosuppressed animals may be the result of the synergistic effect of TPO and
endogenously increased other cytokines, such as G-CSF and GM-CSFE.,

I experimental animal models for myelosuppression, TPO was initially administered for
prolonged periods of time after the cytotoxic insult, starting 24 hours after irradiation or
chemotherapy. Delayed administration in rhesus monkeys and mice was significantly less
effective than administration early after TBI. (57,58) It has been shown recently that a
single dose of the molecule is as effeciive (58-61) as repetitive administration to achieve
the main goal of treatment: elevate the nadir for thrombocytes fo reduce the need for
thrombocyte transfusions and accelerate reconstitution to normal thrombocyte counts.
Also in normal mice the effects of single dose administration of TPO on platelet counts
(50,613, megakaryocyte numbers, size and ploidy (62) in the bone marrow, are quite similar
to those seen in animals to which repetitive doses were administered. The fact that a
single dose of TPO produces a platelet response that is sustained several days explains
why the dependence of the response on repetitive doses of TPO is not very striking.
Afier a first injection of TPO additional injections will not add much to the magnitude of
the platelet response.

in principle, stimulation of blood cell regeneration after myelosuppression by
hematopoietic growth factors is cither due to increased numbers of progenitor cells
activated to produce end cells, or to accelerated cell divisions, resulting in a shorter
doubling time. If growth factor stimulated production only occurs from a larger number
of progenitor cells, the doubling time will be unaltered, resulting in regeneration patterns
in the exponential phase of reconstitution that will be similar in both groups, be it that
the growth factor stimulated curve occurs earlicr, However, if cell multiplication is
accelerated, the regeneration patterns will be different in the stimulated versus the
placebo treated group. Thrombocyle production is a special case, since platelets are
membrane fragments of cells driven by endomitosis to mature. Platelet production is
therefore directly related lo ploidy and size of megakaryocytes. TPO stimulates
endontitosis, increasing the ploidy and size of the megakaryocytes. (14-16,63)

From the data obtained in the rhesus monkey model for myelosuppression the doubling
time for the number of thrombocytes during the exponential phase of regeneration could
be calculated at approximately 3 days for monkeys treated with TPO, whereas it was
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more than 8 days for placebo treated monkeys (Fig 1). Apparently TPO treatment
decreased the doubling time for platelets. Since doubling time is the resultant of
thrombocyte production and destruction, the underlying assumption is that the life span
of the produced thrombocytes is shmilar in the TPO stimufated and the placebo treated
group. The life span of platelet produced in response to TPO treatment in normal
baboons is not altered compared to unstimulated platelets. (18)
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Figure 1. Analysis of regeneration patterns of thrombocytes and reticulocytes in 5 Gy irradiated
rhesus monkeys. The upper panel represent thrombocyte regeneration in response to TPO (10
ugfkgfday, sc, days 1-21, n=4, squares); or in response to TPO/G-CSF (TPO 10 ugfkg/day, sc, days 1-
21 and G-CSF 5 pghke, sc, days 1-21, n=4, triangles); or in placebo treated controls (n=12, circles).
The lower panel represent reticulocyte regeneration in reponse to TPO (10 pg/kg/day, sc, days 1-21,
n=4, squares); or in placebo treated controls (n=4, circles). Regression lines were calculated for the
exponential phases of reconstitution, as indicated by solid symbols. This was done using the
exponential curve fit analysis in Cricket Graph III (Computer Associates International Inc.) Doubling
times for thrombocytes and reticulocytes were calculated using the equation 10°® =2, in which the a.x
was provided by Cricket Graph.
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It should be noted that in this period thrombocyte transfusions were given to placebo
treated monkeys whenever platelet counts dropped below 40 x 10%L (from day 10 to
29). This might have influenced the thrombocyte reconstitution pattern in two ways. The
transfused platelets increase thrombocyle counts at the time of the nadir and cause the
curve to be more shallow than it would have been without transfusions. The calculated
platelet doubling time for placebo treated monkeys could therefore have been shorter in
undisturbed regeneration. Binding of endogenously produced TPO to transfused
platelets might have influenced platelet production in a more indirect way.

Extrapolation of the regression of exponential thrombocyte reconstitution of TPO and
placebo treated monkeys shows an early divergence after TBI, indicating an early effect
of TPO. In TPO treated normal nonhuman primates thrombocyte counts start to rise after
a lag phase of 6 to 7 days. (17,18) Therefore, also from the effect on platelet nadir at day 8
after TBI it can be concluded that the effect of TPO starts early after the first
administration.

Comparison of the regeneration patterns for TPO treated monkeys and monkeys treated
with TPO and G-CSF displays an interesting phenomenon. The exponential phase of
platetet reconstitution of the TPO/G-CSF monkeys is clearly biphasic, fiom day 10 to 14
the slope is similar to that of monkeys treated with TPO alone (calculated doubling time
3.4 days) and from day 14 to 9 the slope is similar to the placebo treated controls
(calculated platelet doubling time 8 days). Apparently concurrent G-CSF administration
alters the response of the megakaryocytic lineage to TPO. We hypothesize that the initial
pattern results from a maturational effect of TPO immediately after administration oa late
megakaryocyte progenitors, resulting in larger megakaryocytes able to produce more
thrombocytes, However, whereas in monkeys treated with TPO alone this effect is
maintained through an increased production of megakaryoctye progenitors from
multilineage ancestral cells, in the presence of G-CSF the balance in lineage commitment
is shifted. More cells differentiate into the granulocyte-macrophage lineage, as can also
be concluded from the accelerated reconstitution of neutrophils in monkeys treated with
TPO/G-CSF, compared to monkeys treated with either of the growth factors alone. This
apparently results in a slow-down in the release of thrombocytes becanse smaller number
of megakaryocytes, that probably are still larger than in placebo treated animals, are
produced.

The exponential curve fit for thrombocytes for TPO treated monkeys was calculated for day [1 to 18,
and rendered a platelet doubling time of 2.9 days. For TPO/G-CSF treated monkeys in the first phase
of regeneration (days 10 to 14) the platelet doubling time was 3.4 days, and in the second phase of
regeneration: (days 14 to 20) 10.0 days. For placebo treated monkeys the curve was fitted from day
14 to 32, with a doubling time of 8.1 days. For reticulocyte regeneration the exponential curve fit for
TPO treated monkeys in the first phase of regeneration was calculated for day 9 to 12 with a doubling
time of 0.95 days, and in the second phase for day {5 to 19 2.66 days. For placebo treated monkeys
it was not possible to fit a curve in the first phase of regeneration and in the second phase {days 15 to
24) the doubling time was 2.01 days. Correlation coefficients r* ranged from 0.961 to 0.996 for the 7
displayed exponential curve fits.
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Another explanation for the reduction in thrombocyte production would be inhibition
by G-CSF. The reported effects of G-CSF on thrombocyte production have been
variable, most often no effect was demonsitrated (64-67), sometimes a stimulatory effect
was shown ¢68) and occasionally inhibition. (69-71) Using flow cytometry and
radioreceptor assays it has been shown that platclets express the G-CSF receptor (72),
and G-CSF receptor transcripts were demonstrated in megakaryocytes. (73} Apart from a
priming effect of G-CSF on in vitro platelet aggregation, a functionai role has not yet
been determined for the G-CSF receptor on platelets and megakaryocytes. A reduction
in the mean ploidy of megakaryvocytes was observed in mice genetically engineered to
overexpress human G-CSF, and after G-CSF administration to normal mice. (53)
Furthermore, G-CSEF down-modulated the effect of TPO on the ploidy of
megakaryocyfes, Peripheral blood platelet count and the number of megakaryocytes
were unaitered. (53) Taken together, it can be concluded that G-CSF might exert a
suppressive effect on the maturation of megakaryocytes. However, it is difficult to
explain the biphasic pattern for thrombocyte reconstitution observed in the TPO/G-CSF
treated monkeys solely from inhibition by G-CSF, although it might contribute to the
effect. It is not clear why G-CSF induced inhibition of megakaryocyte maturation would
not occur in the fist week after TBL It could be that G-CUSF is unable to inhibit
megakaryocyte maturation from a certain point in development (from precursors that are
present at TBI), but able to do so in ‘new’ precursors stimulated by TPO in which the G-
CSF receptor is upregulated. Possibly, inhibition occurs through as yet unidentified
factors released from neutrophils or their precursors that are stimulated by TPO and G-
CSF.

Another explanation for the dampening effect of G-CSF on TPO stimulated thrombocyte
regeneration could be altered pharmacokinetics of TPO due to G-CSFE. Since plasma TPO
levels were similar in both treatment groups at all data poinis measured (Chapter 2), this is
unlikely. Also Harker et al (52) did not find alteration in plasma levels of either cytokine
with concurrent administration of TPO and G-CSF.

The TPO stimulated regencration of red blood cells was subjecied to a similar analysis
(Fig D). Reticulocyte regencration reflects the production of new red blood cells. A
biphasic pattern for reticulocyte reconstitution is common after myelosuppression, with a
small, apparently abortive rise in the second week after TBI, and an exponential increase
in the third. From the lag phase between TBI and the occurrence of the first wave of
reconstitution it can be concluded that the reticulocytes in the abortive rise develop from
a precursor cell that is at a BFU-E stage at the time of TBI. The production time from
BEU-E to mature red cells is approximately a week. Maturation of these precursor cells is
dependent on EPO levels that start to rise with a decrease in hematocrit, explaining the
occurrence in the second week after TBI. The second wave of reconstitution should
then result from the multilineage ancestral cells responsible for sustained reconstitution.
Continuation of blood cell production after radiation insult to the bone marrow
progenifors is dependent on supplementation of progenitor cells from more immature
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stadia of differentiation. Population sizes of various progenitor cells in steady state bone
marrow might vary, depending on the transit time from the previous stage of
differentiation o the next. Therefore the effect of radiation on the number of cells at
various stages of differentiation is dependent on the original number of cells in that
stage, the radiation sensitivity of the cell type, the transit time required to produce new
cells, and the mitotic potential.

The interiuption in the regeneration curve that occurs around day 15 in both TPO and
placebo freated monkeys suggests that a certain stage during erythroid celi
differentiation is more affected by irradiation than later and earlier cells, causing a gap in
the production of reticulocytes. This can either be due to a decisive difference in
radiation sensitivity or to the size of the original population. It has been demonstrated
that CFU-E cells are for 70% in S-phase and are susceptible to cell cycle specific
cytotoxins. (74) It is very well conceivable that this population is also more prone to
radiation induced cell death. However, since maturation of CFU-E to reticuiocytes
requires approximately 3 to 4 days, this mainly explains the initial drop in reticulocytes
occurring after TBL. i the abortive rise result from cells at the BFU-E stage at the time of
TBI, the more susceptible precursor cell should be a pre-BFU-E.

Because the first wave of reticulocyte regencration is briet and not very pronounced in
placebo treated monkeys, it is not possible to calculate a doubling time. In TPO treated
monkeys the abortive rise also occurs in the second week but is greatly stimulated and
contributes to the reticulocyte regeneration that occurs 10 days earlier than in placebo
treated monkeys. The doubling time for this specific cell population was approximately |
day for TPO treated monkeys in the first phase, and 2.5 days in the sccond phase of
regeneration, whereas it is two days for placebo treated controls. The difference between
placebo and TPO treated monkeys in the first phase most likely results from synergism of
TPO and EPO on erythroid progenitors. Since the appearance in time is not altered
compared to placecbo treated monkeys, the stimulation by TPO is most probably
dependent ont erythropoietin, a result that is consistent with in wifro observations.
(32,54,55) An anti-apoptotic effect of TPO (23-26) resulting in increased survival of
progenitor cells might also contribute to the increased cell production.

Monkeys treated with TPO/G-CSF display a regeneration for reticulocytes that is
identical to that of monkeys treated with TPO alone. (Chapter 2) Apparently concurrent
G-CSF administration does not influence TPO-stimulated red blood cell regeneration.
This is consistent with the absence of detectable G-CSF receptors on erythrocytes or on

erythroid precursors.

In myelosuppressed mice it was demonstrated that administration of TPO early after TBI
and a threshold plasma level to be reached in the first hours were critical for an optimal
multilineage effect. (Chapter 6) Delayed administration causes an increasing decline in
efficacy of TPO. (57,58) The presence of TPO in the first hours after radiation induced
myelosuppression in mice influences hematopoietic reconstitution along several lineages,
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whereas a delay in administration results in effects that are predominantly
megakaryocytic/thrombopoietic. This indicates an early effect of TPO on a multilineage
precuisor cell that can subsequently respond to other cytokines required for proliferation
and end cell production. Using short-term transplantation assays, ie colony-forming unit-
spleen (CFU-8) day 13 (CFU-$-13) and the more immature cell with marrow repopulating
ability (MRA), it could be shown that TPO promoted CFU-5-13 and transiently depleted
MRA (Fig 2). The muliilincage effect of TPO (herefore most likely results from the
stimulation of short term multifineage repopulating cells represented by the CFU-S-13 at
the expense of more immature ancestral cells. The short time interval available after TBI
to exert these effects shows that TPO is able to intervene in mechanisms that result in
functional depletion of its target cells shortly after TBIL.
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Figure 2, Schematic representation of the effects of TPO on immature murine bone marrow cells.
MRA cells, following transplantation associated with sustained regeneration of the host, are transiently
depleted, wheras CFU-5-13, following transplantaiion associated with rapid, transient regeneration, are
stimulated.

The mechanisms which require almost immediate TPO availability for optimat efficacy are
not fully elucidated. It is clear that c-mpl is expressed on developmentally early,
multilineage cells, and, therefore, a direct effect of TPO is most likely. TPO enhances
survival of immature cells and suppresses apoptosis (23-26), and this might explain the
importance of time of administration of TPO. In the absence of TPO, multilineage cells
damaged by TBI may be subject to apoptosis, whereas in its presence those cells survive,
become susceptible to proliferative stimuli such as TPO and other cytokines and may
contribute thereby to hematopoietic reconstitution,

Radiation-induced changes in the microenvironment might also influence the
hematopoietic regeneration potential. Hematopoietic reconstitution in the bone marow
is dependent on complex interactions of hematopoictic cells with stromal cells,
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extracellular macromolecules and cell adhesion molecules, together termed the
hematopoietic microenvironment. It is possible that TPO modifies radiation induced
(inflammatory) reactions, thereby making multilineage cells more accessible to either TPO
itself or (o other growth factors, However, stromal reactions to radiation and subsequent
alterations thereof by cytokines, are difficult to assess in vivo.

It is also conceivable that TPO first induces other cytokines that subsequently act on
multilineage cells to become responsive to TPO. However, induction of cytokine
production takes at least several hours, which makes it unlikely that the change from a
multilineage to an unilineage thrombopoietic effect of TPO in 24 hours would be
mediated through such a mechanism,

74 EFFECTS OF TPO ADMINISTRATION AFTER BMT

After 8 Gy TBI and transplantation with limited numbers of selected bone marrow cells,
21 day administration of TPO unfortunately did not accelerate thrombocyte regeneration
compared to placebo treated conirois. (Chapter 5) Transplantation of larger unfractionated
celt numbers was also performed, to exclude the possibility that the content of the graft
was responsible for the lack of effect, but gave identical results. This lack of efficacy of
TPO post-transplantation has also been observed by others. (75,76) More promising
results atter bone marrow or peripheral blood stem cell transplantation have been
reported, but the degree of cytotoxicity in those models was more myelosuppressive
than myeloablative (77,78), cxplaining the post-transplant effectiveness of TPO.
Interestingly, transplantation of bone marrow from donor mice or rhesus monkeys that
had been treated with TPO resulted in accelerated platelet and red cell reconstifution,
although post transplantation TPQ treatment did not further influence the thrombocyte
recavery. (75,76) The mechanism might well be similar to that proposed for the results
described in chapter 6, in which also TPO pretreated bone marrow (be it from
myelosuppressed mice) was injected into lethally irradiated recipients, and the effect
could be attributed to an increased number of multilineage spleen repopulating cells.
However, the usefulness of these observations in the clinical setting is probably limited
to only a small number of patients eligible for in vive pretreatment and autologous bone
marrow transplantation.

The absence of a beneficial effect of TPO after higher doses of cytotoxic insult to the
bone marrow is a disappointing feature, that has not been fully clucidated. After
myelotoxic damage hematopoietic reconstitution relies on remaining or injected stem and
progenitor cells. Without growth factor treatment, endogenously produced cytokines
regulate peripheral blood reconstitution, resulting in the regeneration patterns of placebo
treated animals. Placebo treated monkeys transplanted with autologous bone marrow
cells and control monkeys in the myelosuppression model recover normal thrombocyte
counts at approximately the same time (Fig 3). This similarity is not a coincidence: the cell
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number transplanted was chosen so as to provide a similar reconstitution pattern as the 5
Gy myelosuppression model. This suggests the availability of adequate numbers of bone
marrow celfs for platelet reconstitution in both models and makes it unlikely that the lack
of eiffect of TPO after transplantation can be attributed to limited numbers of
reconstituting cells after bone marrow transplantation. However, although placebo
treated monkeys display similar thrombocyte regeneration patterns, TPO treatment was
highly effective in the myelosuppression model but not at all after bone marrow
transplantation.
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Figure 3. Comparison of the effect of TPO on thrombocyte regeneration after transplantation of
purified stem cells and after myelosuppression. Mean thrombocyte counts of 8 Gy irradiated, stem
cell transplanted monkeys are represented with symbols and lines; the filled squares represent 4 TPO
treated monkeys, the filled circles 3 placebe treated controls. The shaded areas represent means + 8Ds
of thrombocyte levels of 5 Gy irradiated monkeys after TBI; the upper shaded area represents 4 TPO
treated monkeys, the lower shaded area 8 placebo treated controls. The dose and route of TPO were
identical for all monkeys (10 pg/kg/day, sc, days 1-21).

Exogenously added growth factors might enhance regeneration if they accelerate
effective plasma or tissue levels over endogenous production of the cylokine. We
demonstrated that achieving threshold plasma levels of TPO in the first hours after TBI is
crucial for optimal efficacy of TPO in myelosuppressed mice. (Chapter 6) Apparently after
bone maurow transplantation, endogenous levels of TPO (above detection level
approximately onc week after TBI in placebo treated monkeys, chapter 5) are adequate
for the thrombocyte reconstitution that occurs in both placebo and TPO treated
monkeys after approximately three weeks. The reason why TPO administration in the
first week is ineffective in accelerating thrombocyte reconstitution is not clear.
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Possibly, the administration schedule of TPO used in this BMT model, although sufficient
for a prominent thrombopoietic response in myelosuppressed rhesus monkeys, was not
optimal (Chapter 6) and therefore did not exert an effect on the transplanted cells.
However, this is not very likely. From ongoing experiments in rhesus monkeys we know
that starting TPO treatment concurrent with injection of the bone marrow graft does not
improve the results. (Hartong and Wagemaker, unpublished observations)

Analysis of the regeneration pattern of § Gy irradiated TPO treated monkeys reveals, at
least for reticulocyte reconstitution, a biphasic pattern. Two phases of thrombocyte
regeneration were also clearly present in 5 Gy iradiated, TPO/G-CSF treated monkeys
and could be obscured in animals treated with TPO alone by the maximal thrombocyte
production. Presumably regencration enhancement in the first phase results from
maturational effects of TPO on committed progenitors, whereas the second phase of
hematopoietic reconstitution results from more ancestral cells. It occurs later in time and
is adequately regulated by endogenocusly produced cytokines as can be deduced from
the reconstitution of placebo treated animals. Therefore the absence of a TPO effect in
the second week after high dose TBI and BMT might be explained by differences in
number or quality of committed progenitors, In the 5 Gy myelosuppression model, the
residual cells are less than 2 orders of magnitude depleted in stem cells and progenitor
cells, and remain in their normal stromal environment. In contrast, in the 8 Gy model, there
is a more than 3 log stem cell depletion and the hematopoietic reconstitution pattern
observed was dependent on infused, highly purified and progenitor-cell depleted stem
cells, which needed to home into the hematopoietic sites. It is conceivable that although
the graft is sufficient for sustained reconstitution, and regeneration in placebo animals is
similar to that seen in myelosuppressed monkeys, it is deficient in committed progenitors
and therefore the first phase cannot be stimulated by TPO. However, this still does not
explain the lack of stimulation of cells responsibie for sustained engraftment. These cells
are present, as can be deduced from reconstitution in placebo treated monkeys, and can
be stimulated by TPO, as can be deduced from results in TPO treated myelosuppressed
monkeys.

The differential effects of TPO in normal and myclosuppressed animals indicate that {part
aof} the TPO response is dependent on endogenously produced co-factors. Stimulation of
immature bone marrow progenitor cells by TPO /n vitro also requires other cytokines,
such as SCF and IL-3. (22,27-32) Differences in the extent of stromal damage resulting in
different endogenous cylokine production profiles or other micro-environmental
variations might therefore provide additional hypotheses to be explored.

So, although it is possible to accelerate hematopoietic reconstitution after high dose TBI
by giving a stem cell {ransplant, exogenous growth factors seem to add little to
reconstitution.
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7.5 EFFECTS OF TPO ADMINISTRATION IN PATEENTS

The clinical data on TPO so far are scattered. In several phase I trials, administration of
TPO to cancer patients prior to chemotherapy resulted in dose dependent
thrombocytosis and increased numbers of bone marrow megakaryocytes, comparable (o
the effects described in expertimental animals. (79-81) Adverse effects attributable to drug
administration or the high platelet counts were not seen. The platelets produced were
morphologically normal and showed unchanged aggregation and ATP release responses
in in vitro assays. (82) These data are promising with respect to the tolerability of
pharmacological doses of TPO in humans and the reproducibility of the results obtained
in animals, but not in itself predictive for the effects of TPO in myelosuppressed patients.
Trials to assess the usefulness of TPO in accelerating platelet reconstitution shouid
document an actual reduction in the number of thrombocyte transfusions neceded,
through an elevation of thrombocyte nadir and/or a decrease in the duration of
thrombocytopenia. This means that elevation of the thrombocyte nadir with TPO
treatment after a chemotherapy tegimen in which placebo wreated patients do not
become transfusion dependent (platefet nadir 111 x10%L) is clinically not rclevant. (83)
Others did not observe obvious differences in the thrombocyte nadir or duration of
thrombocytopenia (79), while only preliminary data on TPO treatment in de-novo AML
patients exist, in which a slightly decreased the period of thrombocytopenia is
accompanied by a reduction in thrombocyte transfusions requirements. (84) The report
documenting these findings has not yet been published. However, preliminary
unpublished evidence reveals more promising results if TPO is administered prior to
chemotherapy at a dose of 2.4 ug/kg followed by a short course at the same dose
thereafter, results that could in our opinion be improved if the dose and/or schedule was
adjusted to achieve a plasma level of 20-60 ng/mL throughout the chemotherapy course.
(Chapter 6)

The combination of MGDF and G-CSF has also been used, in patients with advanced
solid tumors. (85) Differences were nol found in platelet nadir or transfusion requirements
(20 vs 29%) between placebo treated patients or any of the dosing groups, but recovery
to baseline values was accelerated by MGDFE. All patients were given G-CSE and co-
administration of TPO did not alter the neutrophil reconstitution. The frequency of
chemotherapy dose reductions, one of the endpoints in the tial, was the same in all
groups. (85) Nuwmbers of peripheral blood progenitor cells were also assessed as an
indicator of the efficacy of TPO to maobilize hemaltopoietic stem cells into the peripheral
blood. Patients treated with the combination of TPO and G-CSF had more circulating
BFU-E, GM-CFC and Meg-CFC, compared to patients treated with G-CSF alone (85),
This most likely represents a spill-over into the peripheral blood from increased numbers
of bone marrow progenitor cells, rather than growth factor induced selective
mobilization. (86) In two other trials TPO was administered to high dose chemotherapy
patients and in both tdals the transfusion requirement was not altered compared to
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controls. (87,88)

It is too early to conclude whether TPO can reduce the need for platelet support in
clinical situations in which prolonged and severe thrombocytopenia occurs. [n view of
the results obtained with early administration of TPO and the preliminary resuits in a
chemotherapy trial, it might be possible to improve the efficacy of TPO by adjusting the
dose schedule, giving TPO concurrent with the chemotherapy in doses sufficient to
overcome the initial c-mp/ mediated clearance.

7.6 FUTURE PROSPECTS .

Preclinical evaluation identified TPO as a potential major therapeutic agent to counteract
radiation induced pancytopenia, and demonstrated pronounced stimulatory effects on
reconstitution of immature hematopoietic cells with multilineage potential. The latter
observation explained the potentiation of the hematopoeitic responses to G-CSF and
GM-CSF when administered concomitantly. The heterogeneity of the TPO response
encountered in the various models used for evaluation points to muitiple mechanisms
operating on the TPO response and to heterogeneity of its target cells. The finding that a
single dose of TPO might be sufficient for a clinically significant response emphasizes its
potency and is of practical relevance. Adverse effects of TPO administration to
myelosuppressed or stem cell transplanted experimental animals were not observed.
Paradoxically, the initial clinical titals, set up before the experimental animal data were
fullty completed and processed, failed to show a major benefit of TPO treatment. The
mechanistic mouse studies demonstrated that the response of mukilineage cefls to a
single administration of TPO shortly after TBI is quaniitatively more important for optimal
efficacy than the lineage-restricted response obtained at later intervals after TBI, and
emphasized the importance of a relatively high dose of TPO to overcome initial c-mp/
mediated clearance. An evaluation of the presently available data from clinical trials
makes clear, that none of these have been designed in keeping with these two principles,
It can therefore be predicted, that TPO treatment in, for instance, chemotherapy
protocols, can be made effective by maintaining sufficiently high levels of TPO shortly
before, during and shortly after chemotherapy treatment. Further elucidation of
mechanisms determining efficacy might very well result in a further improvement,

The initially unexpected action of TPO on immature reconstituting stem cells might be
useful for both ex vive expansion protocols, especially those that aim for improved
platelet reconstitution of stem cell grafts, and in gene transfer protocols. Although TPO
by itself did not appear to be a potent mobilizer of stem cells, its capacity to promote
CD34* cell reconstitution in the bone marrow may point to a useful role of TPO in stem
cell mobilization protocols in conjunction with other growth factors, and may have the
added advantage of accelerated platelet reconslitution. Also patients with
thrombocytopenias resulting from HIV infection and those due to large field (>20% of
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total bone marrow irradiated) radiotherapy (especially with concurrent chemotherapy)
might benefit from well designed TPQO treatment protocols. TPO treatment might be tried
in thrombocytopenias resuliing from primary marrow failure such as MDS and aplastic

anemia.
From the basic point of view, there is still much to learn on the mechanisms involved in

the action of TPO on very immature cells and its role in stem cell physiology. Especially
its role in maintaining stem cell numbers in the bone marrow is as yet insufficiently
explored, while the rapid disappearance of multilineage TPO responsive cells following
cytoreductive TBI is unexplained and might contain a clue to mechanisms operating on
stem cell reconstitution. Further elucidation might be highly relevant for understanding
deficiencies in hematopoietic reconstitution and ineffective growth factor treatment,
such as has been encountered after transplantation of limiited numbers of stem cells.
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Thrombocytopenia, a serious condition that may cause hemorrhage and may in some
cases result in mottality, is either the result of increased destruction of platelets or of
decreased production. Decreased platelet production due to myelotoxicity of anti-cancer
treatment is a well known problem in clinical oncology, and accounts for an increase in
morbidity, dose reductions and treatment delays. The possibility to stimuiate platelet
regeneration would be beneficial for patient care. Counteracting the thrombocytopenia
that occurs after bone marrow transplantation would be another application for a
potential platelet stimulating factor., With the cloning of the gene for thrombopoietin
(TPO) in 1994, enabling production of the recombinant protein, this factor has become
available for investigation in (prejclinical studies.

The aim of this study was to assess the efficacy of TPO in stimulating peripheral blood
platelet regeneration after myelosuppression and after bonc marrow transplantation in
rhesus monkeys. Furthermore, the combination of TPO with the myeloid growth factors
G-CSF and GM-CSF was tested to evaluate possible stimulatory andfor adverse
interactions. To establish optimal dose and dose schedule and fo elucidate the cellular
basis of the multilineage effects, a separate set of experiments was carried out in mice.

To gain a rapid insight into the thrombocyte regeneration enhancement potential of TPO,
the initial experimeiits were carried out in a well established model for myelosuppression
in rhesus monkeys. Rhesus monkeys were irradiated with 5 Gy TBI, a dose that results in
approximately two log stem cell kill and a period of three weeks of pancytopenia. The
dose and dose schedule of TPO were based on pilot experiments in normal mice and
monkeys and on experience with other hematopoietic cytokines such as GM-CSF and
G-CSFE. TPO was highly effective in preventing thrombocytopenia, thereby abolishing
the need for thrombocyle transfusions, and in addition stimulated erythrocyte
regeneration. Combination of TPO and G-CSF resulted in improved neutrophil nadirs
and enhanced neutrophil reconstitution. Furthermore, the recovery of immature CD34
positive bosie marrow cells was stimulated by TPO administration. (Chapter 2} The
prominent erythropoictic stimulation resulted in the depletion of already borderline body
iron stores, explaining the development of a microcytic anemia in TPO treated monkeys.
(Chapter 3}

The initial dose schedule used for TPO was more intensive than necessary to obtain the
main goal of treatment, prevention of the need for thrombocyte transfusions. In an
extension of the study, administration of TPO was reduced fo a single dose. (Chapter 4) In
these experiments combination treatment with G-CSF was compared with the
combination TPO/GM-CSE. TPO/GM.-CSF was more effective than either the single dose
of TPO or TPO/G-CSF in stimulating thrombocyte and reticulocyte regeneration. TPO/G-
CSF and TPO/GM-CSF were similarly effective in stimulating neutrophil regeneration.
TPO/GM-CSF treatment aiso significantly increased reconstitution of CD34 positive
bone marrow cells and progenitor cells such as GM-CFU and BFU-E.

To evaluate the efficacy of TPO after bone marow transplantation, TPO was
administered to rhesus monkeys that were irradiated with 8 Gy TBI and transplanted



108 Summary

with limited numbers of CD34*/HLA-DR*" bone marrow cells. Placebo treated monkeys
develop a profound pancytopenia and need four to five trombocyte transfusions. In this
setting TPO did not stimulate platelet recovery and neither promoted neutrophil
regeneration if coadministered with G-CSE. (Chapter 5) The reason for this lack of
efficacy after high dose TBI is as yet not fully elucidated.

Finally, to optimize dose and dose schedule and to investigate the origin of the
muktilineage response to TPO, more basic experiments were carried out in mice. It was
demonstrated that a single dose of TPO shortly after 6 Gy TBI prevented the severe
thrombocytopenia observed it control mice and in addition stimulated red and white
blood cell regeneration. A threshold level of TPO required to overcome initial c-mpl
mediated clearance was defined. Using short-term transplantation assays, ie. colony-
forming unit-spleen day 13 and the more immature cells with matrow repopulating
abilitity it was shown that TPO stimulated CFU-S-13 and transiently depleted MRA.
{Chapter 6)

In conclusion, TPO is a hcmatopoietic cytokine that regulates and stimulates
thrombocytopoiesis and, in addition, has important actions on immature, multilineage
hematopoietic stem cells, e.g., in suppression of apoptosis. In preclinical animal models it
proved to be useful in counteracting radiation induced thrombocytopenia and
enhancement of neutrophil regeneration and that of other myeloid lineages. The effects
are partly mediated through the actions of TPO on immature bone marrow cells. Further
elucidation of the mechanisms involved might lead to improved treatment modalities
using TPQO in chemotherapy patienis as well as in BMT recipients.
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Thrombocytopenie, een tekort aan bloedplaatjes, is ecen ernstige aandoening oidat het
kan leiden tot bloedingen en daardoor soms de dood tot gevolg kan hebben. Ben tekort
aan bloedplaatjes of thrombocyten kan ontstaan door een verhoogde afbraak of een
verminderde productie. Een verminderde thrombocytenproductie als gevelg van de
beenmerg toxiciteit van bepaalde chemotherapeutica is een bekend probleem in de
oncologie. Het leidt tot verhoogde morbiditeit, dosis aanpassingen enfof unitstel van
chemokuren, Als het mogelijk zou zijn het herstel van het aantal bloedplaatjes te
stimuleren zou dit de behandeling van de patiént ten goede komen. Een andere
tocpassing van een bloedplaatjes-stimulerende factor zou het behandelen van de
thrombocytopenie die voorkomt na beenmergiransplantatie kunnen zijn. Doordat in
1994 het gen voor thrombopoietine (TPO) is gecloncerd, waardoor het recombinante
eiwit geproduceerd kon worden, is deze factor beschikbaar gekomen voor (prejklinisch
onderzoek.

Het doel van de preklinische studie met rhesusapen was om de effectiviteit van TPO te
onderzoeken in het bevorderen van het herstel van het aantal bloedplaatjes na
beemmergsuppressie en na beenmergtransplantatie, Verder is de combinatie van TPO met
de myeloide groeifactoren G-CSF and GM-CSF onderzocht op eventuele stimulerende
enfof negative interacties. Om de dosis en het toedieningsschema te optimaliseren en om
de cellulaire basis van het geobserveerde multilineage effect op te helderen werden
experimenten met muizen gedaan.

Om snel inzicht te krijgen in het stimulerende effect van TPO op het herstel van
bloedplaatjes werden de eerste experimenten uitgevoerd in een bekend model voor
beenmergsuppressie in rhesusapen. De apen werden bestraald met een dosis van 5 Gy
TBI, ecn stralingsdosis die resulteert in een reductie van ongeveer twee log van het
aantal hematopoietische stamcellen in het beenmerg en een ongeveer drie weken
durende pancytopenie. Dosis en toedieningsschema van TPO waren gebaseerd op
experimenten in normale muizen en apen en op de ervaring met andere hematopoietische
groeifactoren zoals G-CSF en GM-CSE. TPO was in dit model zeer effectief in het
voorkomen van thrombocytopenie en daarmee was de noodzaak tot het geven van
thrombocyten transfusies verdwenen. Bovendien stimuleerde TPO de regeneratie van
het aantal rode bloedcellen. De combinatie van TPO en G-CSF leidde tot een minder
ernstige afname van het aantal witte bloedcellen en versnelde het herstel daarvan.
Verder werd ook het herstel van het aantal CD34 positieve cellen in het beenmerg
versneld door TPO. (Hoofdstuk 2) Het opmerkelijke effect op de rode bloedcel reeks
resulteerde in een witputting van al marginale ijzervoorraden in het lichaam, wat het
ontstaan van een micracytaire anemie in TPO behandelde apen verklaart. (Hoofdstuk 3)
Het gebruikte toedieningsschema van TPO was intensiever dan nodig om het
belangrijkste behandelingsdoel, het voorkomen van thrombocyten transfusies, te
bereiken. In een vervolgstudie werd de toediening van TPO teruggebracht tot een
cenmalige dosis, (Hoofdstuk 4) In deze studie werd de combinatic TPO/G-CSF vergeleken
met TPO/GM-CSF. TPO/GM-CSF was effectiever dan TPO allcen of TPO/G-CSF in het
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stimuleren van het herstel van bloedplaatjes en rode bloedcellen. Beide combinaties
waren even effectief in het stimuleren van het herstel van witte bloedcellen.
Behandeling met TPO/GM-CSF versnelde ook significant het herstel van CD34
positieve beenmergeellen en voorlopercellen zoals de GM-CEU en de BFU-E.

Om de effectiviteit van TPO na beenmergiransplantatie te evalueren werd TPO
{oegediend aan apen die waren bestraald met een dosis van 8 Gy TBI gevolgd door een
beenmergtransplantatie met CD34*/HLA-DR™ cellen. Apen die werden behandeld met
placebo ontwikkekden een diepe pancytopenie en hadden vier tot vijf thrembocyten
transfusies nodig. In deze silvatie had TPO geen effect op het herstel van de
bloedplaaties en, in combinatie met G-CSF, ook niet op het herstel van witte bloedcellen.
(Heofdstuk 5) De reden voor dit gebrek aan effect na hoge dosis TBI is lof op heden niet
bekend,

Als laatste werden meer basale experimenten uitgevoerd in muizen, om dosis en
toedieningsscheina te optimaliseren en om de basis van het multilineage effect van TPO
te onderzoeken. Een eenmalige dosis TPO, kort na 6 Gy TBI, was voldoende om de
ernstige thrombocytopenie die gezien werd in controle muizen te voorkomen en
stimuleerde bavendien het herstel van rode en witte bloedeellen, Een drempebwaarde
voor TPO, nodig om de initigle clearance door binding aan c-mpl op bloedplaatjes te
overkomen, werd gedefinicerd. Gebruik makend van korte ternijn transplantatie assays,
de colony-forming unit-spleen dag [3 (CFU-S-13) en de meer onzijpe cel met beenmerg
repopulerend vermogen (MRA), werd aangetoond dat TPO de CFU-S-13 stimuleerde
terwijl het de MRA tjdelijk uitputte. (Hoofdswk 6)

Conclusie: TPO is een hematopoietische grocifactor die de thrombocytopoiese reguleert
en stimuleert en bovendien belangrijke effecten heeft op mmmature multilineage
hematopoietische stamcellen, onder meer blijkend uit de onderdrukking van apoptose. In
preklinische diermodellen bleek het effectief in het tegengaan van stralingsgeinduceerde
thrombocytopenie en het bevorderen van de regeneratie van witte bloedeellen. Deze
cffecten worden deels gemedieerd door de effecten van TPO op immature beenmerg
cellen. Verdere opheldering van de betrokken mechanismen zou kunnen leiden tot een
verbetering van de behandeling met TPO in patignten die chemotherapie krijgen en in
patiénten die een becnmergtransplantatie ondergaan.
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