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Abstract

The advent of recombinant growth factors in the late 1980's has ushered in a
new era of haematopoietic progenitor cell (HPC) therapy by facilitating the
mobilization of bone marrow progenitors into the circulation where they can be
collected in large numbers by apheresis. The work of this thesis has defined
the minimal and optimal CD34+ cell threshold requirements for engraftment.
The frequency of poor mobilization was noted and risk factors determined. It
was demonstrated that poor mobilization was usually a feature of bone marrow
damage rather than a specific mobilization defect. In addition, studies in
normal volunteers indicated that there was wide inter-individual variation in
G-CSF induced progenitor cell mobilization which was not due to G-CSF

pharmacodynamic variability.

The clinical feasibility of CD34+ cell purification was determined and its clinical
limitations documented. @ These purified cells were used clinically to
demonstrate that the increased numbers of T-cells and monocytes in a
peripheral blood stem cell (PBSC) transplant compared to bone marrow did not

account for the more rapid haematological recovery that occurs with PBSC.

These studies answer specific clinically relevant questions and form a platform

for future studies in "graft engineering".
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Chapter 1

Introduction

1.0.1 "Bone marrow: the seedbed of the blood"

The fascinating history of the bone marrow has been eruditely summarised by
Tavassoli. It includes ancient references to the marrow as a rich and nutritional
"dainty" and also the memorable quotation of Sir Thomas Elliot in 1539 who
thought "marrowe is more delectable than the brayne." (Tavassoli, 1980). The
account goes on to describe the feeding of bone marrow as therapy for patients
with blood dyscrasias in the 1890's and its revival in the 1920's following
Whipple's studies on the haematinic effects of various foods and suggests this
practice as a naive forerunner to modern marrow transplantation. The
recognition that the bone marrow is the seat of blood cell formation is
accredited to Neumann who in 1869 noted from his observations that "the
marrow operates continually in the de novo formation of red blood cells". He
reasoned that the proliferation he saw in the marrow must result in cells moving
into the general circulation and would have no doubt felt fully vindicated by the
currently understood capacity for the cellular and proliferative content of the
human bone marrow. The total cellular content is estimated at around 2 x10'
cells with a daily turnover of 2 x10" red blood cells, 1 x10' white cells and 4
x10"" platelets (Tavassoli, 1980). With a "cell factory" of this magnitude it is
unsurprising that the marrow is highly vulnerable to the toxic side-effects of
chemotherapy and radiotherapy and is usually the limiting factor to high dose
therapy of cancer treatment. The vast majority of haemopoietic cells are
morphologically recognisable and mature end-cells but within the marrow there
are much smaller sub-populations of multipotent and lineage restricted cells of
around 5 x10° each, and a minority of repopulating stem cells thought to
number around 1-10 x10° (Moore, 1996). In the model shown in Figure 1.1

haemopoiesis is conceived as an overlapping continuum of cell types with

15



permissive elements such as growth factors and cell-cell/stromal mediated
interaction preventing apoptosis and with a strong stochastic component at the
single cell level during early development (Ogawa, 1993). Whether the
repopulating stem cells self-renew or have very high proliferative capacity is
debatable although there is some evidence that stem cells may age through
successive divisions. This is suggested by the haemopoietic decline following
serial bone marrow transplantation (Mauch & Hellman, 1989) and following

chemo/radiotherapy insult (Moore, 1992; van Os et al., 1998).
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allogeneic marrow after irradiation proved to be sadly typical for this era
(Thomas & Ferrebee, 1960). Thirteen died without engraftment and two had
autogenous recovery. The remaining four received transplants from identical
twins and engrafted although all relapsed within three months. The specific
problems were ultimately identified as rejection of donor cells by the host and
conversely by rejection symptoms in the recipient mediated by immuno-
competent donor cells. (Graft versus host disease, GvHD). These problems,
combined with infection led to the depressing statistic of only three successful
prolonged allografts out of 417 procedures reported by 1966 (Pegg, 1966)

1.0.4 Improvements in survival

It is doubtful whether allogeneic transplantation could have continued without
the discovery of the HLA histocompatibility system, largely attributable to the
work of a Nobel Prizewinner, Jean Daussett (Daussett et al, 1965) and
Terasaki's microassay which made HLA typing practical (Terasaki &
McLelland, 1964). This led to the use of transplants using marrow from HLA-
matched siblings in the 1970's and from a growing pool of non-sibling HLA-
matched donors from donor panels such as the Anthony Nolan panel in the UK.
Treatments to suppress GvHD were also evolved including the use of steroids,
methotrexate, anti-thymocyte globulin and in 1980 cyclosporin (Powles et al.,
1980). Improvements in supportive care such as new antibiotics, antifungals,
antivirals, blood and platelet support and improved venous access with the
introduction of the Hickman line (Hickman et al., 1979) combined to reduce the
toxicity of the procedure (Bortin et al, 1992) and by the 1980's led to a
worldwide expansion in transplant activity (Barrett, 1991). At this time registries
such as the International Bone Marrow Transplant Registry and the European
Bone Marrow Transplant Registry were set u;fprovide overviews of activity in

the field with statistical analysis of results.
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specific considerations of the mobilization of normal donors (Anderlini et al.,
1998) and the impact on graft versus leukaemia and graft versus host disease.
These issues have been recently reviewed by Russell, Gratwohl and Schmitz
including a summary of the EBMT consensus statement on the use of
allogeneic PBSCT (Gratwohl & Schmitz, 1996).

Table 1.1 Current Haemopoietic Progenitor Cell (HPC) transplantation

Allogeneic Autologous

Indication Haematological malignancy, Haematological and non-

Aplastic anaemia , congenital haematological malignancy

bone marrow disorders, ?Gene therapy

immune deficiency ?Auto-immune diseases
HPC source Bone marrow Bone marrow

Peripheral blood Peripheral blood

Cord blood

Family or unrelated, HLA
matched or mis-matched

Toxicity Infective risk high for months or | Infective risk mainly in early post-
years, GvHD. Treatment- transplant. Treatment-related
related mortality 5-35% mortality <5%

according to case-mix

1.0.7 "Graft engineering”

The last decade has seen the development of extensive cell manipulation
techniques or "graft engineering” in the transplantation field. An early example
in the 1980's was the depletion of T-cells from donor marrow to reduce GvHD.
This effect was achieved but at the cost of increased problems with rejection
and leukaemic relapse (Poynton, 1988). This implied a beneficial graft-versus-
leukaemia effect associated with GvHD. Controlled stimulation of this activity
using cytokines such as interleukin-2 following autologous and allogeneic
transplants (Soiffer et al, 1992) and the infusion of donor lymphocytes are
active areas of interest (Mackinnon et al., 1995). The recognition that the CD34

antigen identifies primitive haemopoietic cells including cells capable of long
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advantage that harvesting does not require a general anaesthetic and that
haematological regeneration, especially of the platelet lineage, is more rapid
(Beyer et al., 1995; Gianni et al., 1989; Schmitz et al.,, 1996). This results in
less time in hospital and a significant saving of resources (Schmitz et al., 1996;
Smith et al., 1997). At University College London Hospitals the transition from
autologous bone marrow transplantation (ABMT) to PBSCT after BEAM
chemotherapy has been associated with a reduction in the number of days on
which platelets were transfused from approximately 16 to 3 days and red cell
units from 8 to 4 units (Jones et al., 1994). A further potential advantage of
PBSC collections is that they may contain less contaminating malignant cells
than the bone marrow (Ross et al., 1993).

1.0.9 Circulating stem cells

Although in the steady state the majority of haemopoietic stem cells reside in
the bone marrow, it has long been known that haemopoietic stem cells also
circulate in the blood. In 1951, Brecher and Cronkite (Brecher & Cronkite,
1951) provided evidence of circulating stem cells in rats. In 1962, Goodman
and Hodgson (Goodman & Hodgson, 1962) showed that pooled blood isolated
from donor mice could restore haemopoiesis in lethally irradiated parent mice
and postulated the presence of circulating stem cells. In subsequent years,
similar data were obtained with larger animal species such as dogs (Epstein et
al, 1966). The difficulties of obtaining a sufficient blood cell dose was
highlighted in a study by Storb who showed that 2 x10° MNC collected by
leukapheresis over 7 days were required to engraft lethally irradiated dogs
(Storb et al., 1967) which is around 10-fold higher than the equivalent marrow
cell dose in this model. An early human attempt to use normal steady state
peripheral blood as a source of stem cells for transplantation in identical twins
failed (Hershko et al, 1979) and although sporadic successes with this
approach were eventually reported in the autologous setting (Kessinger et al,,

1988), a subsequent randomised trial showed that steady-state peripheral
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blood cells did not accelerate marrow recovery following high dose therapy
(Lobo et al., 1991).

In 1976, Richman (Richman et al., 1976) showed that there was an increase in
the number of circulating progenitor (colony forming) cells during the recovery
phase from chemotherapy. Several groups successfully used PBSC collected
after standard dose chemotherapy to facilitate subsequent high dose therapy
(Gianni et al.,, 1989; Juttner et al, 1985; Korbling et al., 1986; Reiffers et al.,
1986). It was apparent that this was a labour intensive process and multiple
leukaphereses had to be performed to ensure engraftment, particularly of the
platelet lineage. Engraftment was, however often rapid compared to that from
bone marrow. In 1988, it was reported that administration of granulocyte
colony stimulating factor (G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) resulted in mobilization of progenitor cells into the
circulation (Duhrsen et al, 1988; Socinski et al, 1988). This was shortly
followed by a study in which G-CSF mobilized blood was shown to accelerate
platelet recovery when used to augment autologous marrow after high dose
therapy (Sheridan et al, 1992). Mobilization strategies employing growth
factors were rapidly developed and in many circumstances, only one
leukapheresis procedure is necessary to ensure engraftment. In some centres,
mobilized PBSC were initially given with bone marrow, but PBSC are now

nearly always given alone.

1.1.0 Possible mechanisms of HPC mobilization

Haemopoiesis within the marrow cavity takes place in highly organised
structures (Figure 1.2) in which developing clones are supported and
compartmentalised by specialized sinus macrophages (reticular cells). The
maturing cells are separated from blood circulating in the vascular sinuses by
an endothelial monolayer and discontinuous basement membrane (marrow
sinus wall). Cell adhesion molecules (CAMs) of the CD44 family, integrins,

selectins and immunoglobulin superfamilies are expressed on haemopoietic

24



progenitors and many of their ligands are expressed constituitively on the
marrow stromal cell mediated environment (Long, 1992; Simmons et al., 1994,
Tavassoli & Hardy, 1990). Progenitor cells are retained in the marrow by a
combination of cell-cell and extracellular matrix interactions with adhesive
proteins such as fibrinectin, vitronectin, collagen, thrombospondin, fibrinogen
and von Willebrand factor (Ruoslahti & Pierschbacher, 1987). These
interactions are reduced as the cells mature with a concomitant increase in
flexibility and/or reduction in size for the final controlled egress of mature blood

cells across the sinus wall to join the circulation (Figure 1.2) (Jandl, 1991).
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The precise mechanisms involved for many of these interactions in homing,
lodgment, retention and proliferation of progenitors are unclear. However, the
observation that a number of haemopoietic growth factors, cytotoxic agents and
a few cytokines can mobilize HPC from the marrow and that the mobilized
CD34+ cells have a lower expression of CAMs such as the fibrinectin receptors
VLA-1 and VLA-4 (very-late antigens-1 and 4) and the leukocyte function-
associated antigens LFA-1 and LFA-2 (Mielcarek & Torok-Storb, 1997)
suggests a common mechanism involving the perturbation of progenitor
binding to the marrow stroma. The importance of the B-1 integrin VLA-4 (CD49)
in the process was shown directly by Papayannopolou et al who showed that
the administration of a function-blocking anti-VLA-4 antibody to mice or non-
human primates induced HPC mobilization (Papayannopoulou & Nakamoto,
1993). The same group could not however demonstrate mobilization in this
study with a blocking antibody to the B-2 integrin LFA-1 (CD18).

Fibbe's group in the Netherlands adopted a similar approach to the study of
mobilization using blocking antibodies but with a different model based on the
cytokine interleukin-8 (IL-8), which they had shown induced the rapid
mobilization of HPC in mice and rhesus monkeys. In a series of experiments
summarised in their most recent report (Pruijt et al., 1998) they showed that
blocking antibodies to LFA-1 or its ligand ICAM-1 inhibited IL-8 induced
mobilization and significantly reduced HPC mobilization with a second
cytokine, interleukin-1 (IL-1). They were also able to show that anti-LFA-1 was
capable of blocking the mobilization of very early HPC as transplantation with
MNCs from such animals were poorly radioprotective (25% survival) compared
to 86% survival using MNC from control IL-8 mobilized mice. The central
involvement of LFA-1 in this mobilization system implies a role for mature
accessory cells which are activated via this ligand such as neutrophils and
monocytes. The observation in this study that IL-8 induced mobilization was
also inhibited by a blocking antibody to gelatinase-B supports this view. This

metalloproteinase is usually associated with neutrophil granules and collagen
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breakdown and has been shown to have a role in neutrophil migration across
basement membrane (Delclaux et al, 1996). The involvement of
metalloproteinases in mobilization may also involve more immature cells as
has also been suggested in a recent study which showed that both gelatinase-
A and B is produced by CD34+ cells from mobilized blood but is absent in
CD34+ cells from bone marrow (Janowska-Wieczorek et al, 1997). These
findings may hold an important clue towards identifying a common mobilization
mechanism and suggests that if gelatinase release is required myeloid cells
may provide an important contribution to the process.

An important study in this regard was reported by Liu who examined the role of
the G-CSF receptor (G-CSFR) as a common mechanism for HPC mobilization
using a G-CSFR deficient ("knock-out") mouse model. The deficient mouse
lacks mature myeloid cells but not HPC in the marrow. In contrast to the normal
or "wild-type" mouse it did not mobilize blood HPC with G-CSF,
cyclophosphamide or IL-8 but did possess the ability to regenerate marrow
HPC as shown by increased marrow HPC activity after cyclophosphamide
even compared to the wild-type. Interestingly, HPC mobilization in the deficient
mouse was almost normal with flt-3 ligand suggesting an alternative
mechanism for this growth factor (Liu et al,, 1997b). The deficient mouse had
less than half the number of mature granulocytes in blood and marrow than the
wild type and the G-CSF receptor may also be expressed on marrow stromal
cells. These observations could not therefore distinguish whether the
mobilization lesion was associated with these cells or the abnormal HPC of the
deficient mouse. This question was addressed in a series of cross-
transplantation experiments (Table 1.2) , (Liu et al., 1997a). No HPC were
mobilized with cyclophosphamide in the G-CSFR knockout mouse or in the
wild-type mouse transplanted with deficient HPC (normal stroma, impaired
neutrophil maturation). Mobilization was evident however in the deficient
mouse transplanted with wild-type HPC (deficient stroma, restored neutrophil

maturation).  Of particular note was the finding that deficient HPC were
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capable of mobilization if both types of HPC were transplanted into a wild type
mouse. It is tempting to surmise from this data that differentiated myeloid cells
are required since they are present in each instance where mobilization was
successful. However, Liu has observed that an occasional G-CSFR deficient
mouse has normal blood and marrow mature neutrophil counts and still fails to
mobilize HPC. These neutrophils have normal morphology, myeloperoxidase
and CD11b staining and are capable of migration but crucially their
responsiveness to IL-8 has not been reported (Liu et al,, 1997b). The role of
normal neutrophils deserves further scrutiny however in view of mobilization
inhibition by LFA-1 and gelatinase blocking antibodies and clinical evidence
such as the study by Sekhsaria which showed very poor mobilization with G-
CSF in 18 patients with a hereditary disorder of neutrophils, Chronic
Granulomatous Disease (Sekhsaria et al., 1996). It is unclear at present how
the alternative mechanism proposed by Lui that G-CSFR bearing HPC are
required directly for the induction of a general mobilization process might
operate.

Table 1.2 Cross-transplantation studies and cyclophosphamide induced HPC mobilization in the
G-CSFR knockout mouse (Liu et al 1997)

Mouse type : DONOR RECIPIENT Mobilization Neutrophil
(HPC) (STROMA) maturation

WT +++ Yes

KO - No

KO>WT KO WT - No

WT>KO WT KO ++ Yes

WT and KO>WT KO and WT WT ++ Yes

(WT and KO HPC)

WT =wild-type; KO =G-CSFR knockout

An alternative mechanism for mobilization may involve the haemopoietic
progenitor c-kit receptor which is downmodulated on marrow HPC before
egress into the blood and the c-kit ligand, stem cell factor (SCF) which occurs
both as a soluble form and membrane bound on marrow stromal cells. In a
study by Cynshi, mice with Steel or WW mutations (that lack the ability to
produce soluble SCF or have a defective c-kit receptor respectively) were
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shown to mobilize very poorly to G-CSF (Cynshi et al., 1991). In clinical studies
higher CD34+ cells yields have been shown to be associated with low c-kit
expression on these cells and was shown by To's group for example, to be
highly correlated (p<0.005) despite the use of six different mobilization
protocols (To et al., 1997).

Recently an important role for c-kit signalling involving VLA-4/VCAM-1 binding
of HPC to marrow stroma has been proposed by Papayannopoloulou's group
at the University of Washington in Seattle (Papayannopoulou et al, 1998).
They performed mobilization experiments with blocking antibodies to VLA-4
(expressed by HPC) and VCAM-1 (stromal cell ligand for VLA-4) in mutant
mice. They showed that HPC release from the marrow with both antibodies did
not rely on the presence of a functional G-CSF, IL-7 or IL-3a receptor. In
addition the "motheaten mouse" mutant, me'/me’ which has a defect in c-kit
tyrosine kinase signalling (SHP-1 knockout) and high steady state circulating
progenitors also mobilized significantly above baseline with both antibodies. In
contrast, W/WY mutations (impaired c-kit signalling but normal protein
expression and c-kit receptor/kit ligand binding) mobilized very poorly with both
antibodies. The defective response in the W/W' mice was restored however, 8
weeks after transplantation with HPC from littermate controls with normal c-kit
receptors. Steel-Dickie mice (soluble c-kit ligand, but not stromal-bound)
mobilized if VLA-4 was blocked but not with the VCAM-1 antibody (Table 1.3).
The group proposed that a functional c-kit receptor is required for mobilization
via VLA-4/VCAM-1 interactions which override c-kit receptor dependent signals
required for downmodulation of c-kit and VLA-4 on HPC and release of binding
through other CAM interactions. The reason for mobilization with the VLA-4 but
not the stromal VCAM-1 blocking antibody in the Steele-Dickie mouse is not
clear. Also of note in this study was the observation that W/W' mice were
capable of late but eventually normal HPC mobilization levels induced by the
cytokine flt-3 ligand. The flt-3 receptor, like c-kit is expressed on HPC and also

signals through tyrosine kinase when bound by its ligand and on the basis of
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both this study and mobilization of the G-CSFR deficient mouse discussed

previously, may operate through a different mechanism.

Table 1.3 Mobilization response of mutant mice to blocking antibodies against
VLA-4 (expressed on HPC) or to its stromal cell ligand VCAM-1

Mouse mutant VLA-4 blocked VCAM-1 blocked
(on HPC) (on stromal cells)
G-CSFR deficient +++ +++
IL-7 deficient +++ 4
IL-3a deficient +++ 4+
Steel-Dickie SI/SI +++ -
(lacks stomal cell-bound c-kit ligand)
wwY - -
(lacks functional c-kit on HPC)
me‘/me¥ "Moth-eaten mouse"” ++++ ++++

(constitutively activated c-kit)

Taken together all of the studies described suggest a two-phase general
mechanism of mobilization involving an initial triggering event and second
multi-step amplification and controlled release phase. Triggering events might
act alone and lead to rapid (within minutes) transient mobilization such as the
gelatinase-B dependent |L-8 mechanism discussed earlier. Longer-term
(within days) amplification of the response may be regulated by signalling
pathways involving cross talk between intergrins and cytokines or intergrins
and other CAMs.

1.1.1 Monitoring of PBSC Collection and Transplantation

A variety of assays have been developed for measuring different but often
overlapping haemopoietic cell populations at various stages of the
differentiation pathway (Figure 1.2). The in vitro assays are all surrogate
markers for engraftment potential but several have proved useful in clinical

practice.
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1.1.2 Clonogenic functional assays

The ultimate assay for stem cell function are in vivo assays for long-term
repopulating cells (LTRC) which can assess the potential for durable, multi-
lineage engraftment. Such assays for human haemopoiesis have been
described in chimaeric immunodeficient animals such as mice and sheep
(Civin et al., 1996; Srour et al., 1993; Wang et al., 1998) but are not suitable for
clinical use. Clonogenic techniques, which are used in vitro for measurement
of the most primitive progenitors, include long term culture initiating cells
(LTCIC), cobblestone-forming cells (CAFC), plastic adherence (P-delta) and
high performance proliferation cells (HPP). These assays provide the closest
in vitro surrogate measurement of LTRC and durable engraftment (Sutherland
et al., 1990), but are difficult to standardise, time-consuming and impractical for
routine use. In contrast, simple assays are available for relatively late
progenitor cells such as granulocyte-monocyte-colony forming-cells (GM-CFC)
which appear to be closely related to those cells giving rise of rapid
engraftment (Linch & Watts, 1996). Jones and colleagues clearly
demonstrated in the mouse that cells giving rise to short term haemopoietic
recovery were distinct from those giving rise to long term repopulation (Jones et
al., 1990). This view has been recently challenged by more recent studies in
which purified HPC with the most primitive phenotype and little short-term CFC
growth in vitro (lineage negative, Sca-1+ Thy1.1°™9% were shown to mediate
both early and late engraftment in mice (Nibley & Spangrude, 1998; Uchida et
al., 1994). In humans, autografts with highly purified lineage negative, CD34+,
Thy-1+ progenitors have been shown to mediate engraftment after high dose
therapy although this is delayed compared to when the total CD34+ cell
population are infused. (Tricot et al., 1998). Also in the human setting Kaizer
and colleagues found that removal of GM-CFC, but not earlier cells, from
infused marrow by incubation by 4-hydroxy-cyclophosphamide resulted in
delayed haematological recovery (Kaizer et al, 1985) and Robertson et al
found that purging with an anti-CD33 antibody which removed GM-CFC but not
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LTCIC resulted in a similar delay (Robertson et al., 1992). In the majority of
clinical situations in which PBSC rescue is used, the high dose therapy
employed causes only temporary myelosuppression and the autograft is only
required to provide relatively short-term support. GM-CFC assays thus appear
to be a fully appropriate means of graft assessment and standardisation. Even
when truly myeloablative conditioning is used, such assays also seem to be
appropriate as late graft failure after prompt early recovery is exceedingly rare
in the autologous setting. GM-CFC assays have their problems however.
There is often marked variability between centres, the coefficient of variation of
the assay is often wide, and regular quality assurance exercises are difficult.
Fresh stem cell preparations are ideally required for quality control purposes
because if frozen aliquots are used, this introduces the large potential

variability of freeze-thaw recoveries.

1.1.3 Flow cytometric CD34+ cell measurement

A simpler measurement of primitive cells is the flow cytometric assessment of
the number of cells expressing the CD34 antigen. Measurement of such low
proportions of cells by immuno-fluorescence is technically demanding but
providing well-standardised staining and analysis protocols are used, it is
possible to obtain low coefficients of variation and good concordance between
laboratories (Siena et al.,, 1991; Sovalat et al., 1993). The average CD34+ cell
is considerably more mature than the average GM-CFC and might not be
expected to be as predictive of engraftment, but the advantages of precision
and rapidity counterbalance this possibility and in practice there is little to
choose between GM-CFC and CD34+ cell assays for predicting graft
adequacy. It is our practice to go ahead with high dose therapy on the basis of
CD34+ cell measurements unless the results are marginal in which case the
transplant is delayed until the GM-CFC data is available.

It has been suggested the measurement of CD34+ subsets may be of value in

predicting engraftment potential. The most primitive cells within the CD34+ cell
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compartment which have been shown to give rise to multi-lineage
haemopoiesis in vitro and in immunocompromised animal hosts are
CD34+CD38-, CD34+HLA-DR- or CD34+Thy-1+ (Craig et al., 1993b; Huang &
Terstappen, 1994; Rusten et al, 1994; Terstappen & Huang, 1994). This
fraction of CD34+ cells are also thought to be small and quiescent (G0/G1)
cells and responsive to growth factors such as SCF, Mip-1-a and fit3 (Miller &
Eaves, 1997; Wagner et al., 1995). The proportions of CD34+ cells which are
CD38- or HLA-DR- are consistently below 5% which compares to around 25%
of CD34+ cells which express Thy-1. The highest proportion of CD34+Thy-1+
cells in PBSC were observed during early apheresis collections by Haas and
Murray who suggested that these harvests would be most likely to provide long
term engraftment potential (Haas et al., 1994b; Murray et al,, 1995). However,
the co-expression of Thy-1 by mobilized CD34+ is highly variable between
individuals and Humeau has demonstrated the heterogeneity of this subset by
its lack of correlation with other important phenotypes such as CD34+CD38-
(Humeau et al., 1996). The use of CD34+ cell subset measurement to predict
engraftment has been evaluated by Dercksen who demonstrated early
neutrophil engraftment more significantly with the numbers of mobilized
CD34+CD33- re-infused and of platelet engraftment with the number of CD34+
cells co-expressing the platelet glycoprotein marker CD41 than with total
CD34+ cell numbers. Dual CD34+ and adhesion protein L-selectin+ cells were
also shown to predict early platelet engraftment and this was subsequently
confirmed in a report by Wanatabe (Dercksen et al, 1995a; Dercksen et al.,
1995b; Watanabe et al., 1998). The practical problem with the quantitation of
CD34+ subsets in addition to the very low numbers involved is that they are lost
or acquired in a gradual and overlapping sequence (Figure 1.1) so that an
applied discrimination gate is somewhat subjective. It is difficult to see how
such sub-set measurements can be standardised between centres until the

problems of standardising total CD34+ cell counts are resolved.
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1.1.4 Progenitor threshold requirements

With autologous bone marrow transplants, there is considerable controversy
concerning progenitor cell requirements (Gorin, 1986; Spitzer et al., 1980) but
in the context of PBSCT, there is widespread agreement that there are readily
definable progenitor cell thresholds (Demirer & Bensinger, 1995). In our
experience, delayed neutrophil recovery is very rare but delayed platelet
recovery is not infrequent and closely related to the dose of progenitor cells
infused. If more than 3.5 x 10%kg CD34+ cells or 3.5 x10%kg GM-CFC are
infused the risk of delayed recovery is negligible. Values between 1-3.5
x10%kg and 1-3.5 x10°kg CD34+ cells and GM-CFC respectively give a 5-15%
risk of delayed platelet recovery whereas if less than 1 x10%kg CD34+ cells are
re-infused the risk of delayed platelet recovery is in the order of 40% and some
patients remain severely thrombocytopaenic indefinitely (Watts et al.,, 1998b).
The use of bone marrow in these patients still results in protracted engraftment
in the majority indicating that in most patients the poor mobilization is a
reflection of poor quality marrow rather than a specific defect in mobilization
(Dreger et al., 1995). It must also be borne in mind that in the heavily pre-
treated patient enumeration of progenitor cells alone may not give a complete
reflection of the quality of the harvested product. There is some evidence that
the threshold requirements are higher when multiple aphereses rather than a
single collection are required (Watts et al., 1997, Weaver et af, 19‘75'),

1.1.5 Apheresis timing

CD34+ cell measurement may also be useful in determining when to
commence leukapheresis. Using a standardised regimen of
cyclophosphamide 1.5g/m? and G-CSF (Jones et al., 1994) there is a leukocyte
nadir on day 8 followed by a rapid rise in the WBC after this time. The optimal
time to start harvesting has been identified as the first day on which the whole
blood cell count exceeds 5.0 x10%1 (Watts et al., 1995b) which accords closely

with the data of Haas (Haas et al, 1995) who with a different chemotherapy
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regimen found peak circulating progenitor cell levels commencing when the
post nadir WBC reached 4.75 x10%I. In these well-standardised situations,
progenitor cell measurements are not required for harvest timing but with other
regimens or in very heavily pre-treated patients, peripheral blood CD34+ cell
measurements are advisable. Schwella et al (Schwella et al, 1995) for
example, showed a harvest day peripheral blood CD34+ cell count of 40 x10°/L
to be highly predictive (r=0.94, p<0.0001) for a single apheresis CD34+ cell
dose greater than 2.5 x10°kg. Elliot et al have described a highly significant
correlation between both harvest day (r=0.95, p<0.001) and importantly the
preceding day (r=0.85, p <0.001) peripheral blood CD34+ cell counts and
subsequent harvest CD34+ cell dose/kg collected. This allowed efficient
apheresis planning with the construction of a simple table predictive of the
CD34+ cell dose/kg likely at a single apheresis. A collection exceeding 1
x10°%/kg CD34+ cells, for example, was obtained in 93% of patients with a
preceding day peripheral blood CD34+ cell count of > 10 x10%/L (Elliott et al.,
1996). This study has been recently updated and the utility of this approach
confimed by Armitage et a/ (Armitage et al., 1997).

1.1.6 Optimisation of Progenitor Cell Mobilization

Selection of a mobilization regimen is a compromise between obtaining the
maximum progenitor cell yields possible, and minimising the morbidity and
costs of the procedure. In the allogeneic setting, the normal donor can
obviously not be given cytotoxic drugs, and cytokines alone must be used. In
the autologous setting where the patient will have received prior chemotherapy
adequate yields can often be obtained with cytokine alone but it is more usual
to give the cytokines after chemotherapy as a number of studies have shown
that the combination of chemotherapy and cytokines gives better mobilization
than either alone (Kobayashi et al, 1995; Mohle et al, 1994). The
chemotherapy can either be specific for the mobilization process or can be a

cycle of therapy usually used in the treatment of the disease. A wide variety of
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cytotoxic drugs and their combinations cause progenitor cell mobilization
although it is probably best to avoid the most stem cell toxic agents such as the
nitrosoureas and alkylating agents. An exception to the alkylating agents is
cyclophosphamide, which is markedly 'stem cell sparing’. One of the first
mobilizing regimens was high dose cyclophosphamide, 7g/m? (Gianni et al.,
1989). This has the advantage of considerable anti-tumour activity but is very
myelosuppressive, has marked non-haematological toxicities, and can cause
considerable morbidity and frequent requirements for hospitalisation. In our
institution we have considerable experience with cyclophosphamide 1.5g/m?
which is effective, well tolerated and has an associated hospitalisation rate of
only 5% (Watts et al, 1997c). There have been few comparative studies of
different mobilization chemotherapy regimens and no randomised trials.
Several studies have suggested that cyclophosphamide 7g/m? is more effective
than 4g/m? albeit with greater toxicity (Rosenfeld et al., 1995; Rowlings et al.,
1992). In a case-match study we have found the lymphoma salvage regimen
ESHAP (Velasquez et al, 1994) to be at least as effective as
cyclophosphamide 1.5g/m? and to have the benefit of greater anti-lymphoma
activity (Watts et al., 1996b). In addition, ESHAP gives rise to a significantly
higher CD34+ cell percentage in the apheresis product which is an advantage
if CD34+ cell purification is planned.

Both G-CSF and GM-CSF are effective progenitor cell mobilizers either when
used alone or after chemotherapy (Peters et al., 1993). G-CSF is more widely
used however because of its superior toxicity profile (Demuynck et al., 1995).
For the majority of patients, adequate mobilization can be achieved with
relatively low dose G-CSF e.g. Sug/kg/day. There is however, a marked dose
response effect and higher doses undoubtedly give better average yields
(Hoéglund et al., 1996; Roberts et al., 1995; Sekhsaria et al., 1996; Waller et al.,
1996).
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In the study by Hoglund et a/ (Héglund et al, 1996) it was decided that
10png/kg/day sc was the maximum tolerated dose for volunteer donors, but
some centres use more than this (Waller et al., 1996). In the autologous setting
higher doses are generally tolerated but the cost issues are considerable.
Other cytokines when used in combination with G-CSF can also augment
mobilization. In a study described by Geissler for example, low progenitor
numbers were collected in 6 patients with pretreated lymphoma who were
mobilized with G-CSF at 5ug/kg/day for 5 days. After a treatment-free interval of
at least a month, these patients were "primed" with IL-3 at 5ug/kg/day for 7 days
followed by an identical G-CSF mobilization protocol. Circulating GM-CFC
were typically double that seen at first mobilization with G-CSF alone and
leukapheresis following the IL-3/G-CSF combination achieved progenitor
yields above the minimum target of 2 x10°kg in 3 of 6 patients (Geissler et al.,
1996). Thrombopoietin (TPO) is the ligand for c-mpl and is believed to be the
most important regulator of megakaryocytopoiesis. It has also been shown to
mobilize multilineage HPC in clinical studies (Rasko et al., 1997). It has also
been given post chemotherapy in doses of 0.03, 0.1, 0.3, 1, 3 and 5ug/kg
concurrently with G-CSF at 5ug/kg in a large randomised trial of solid tumour
patients (Basser et al, 1997). In this study the fold increase in blood
progenitors from baseline to day 15 after chemotherapy was shown to be
significantly enhanced in the 25 patients receiving G-CSF and doses of TPO
between 0.3 to 5ug/kg compared to the 10 patients receiving placebo and G-
CSF alone (median GM-CFC fold increase 191 vs 3, P=0.002, CD34+ cell fold
increase 20 vs 1, P=0.03). It is notable that IL-3 and TPO were used with low
doses of G-CSF in these studies however and it is likely that similar progenitor
increments could have been achieved by increasing the G-CSF dose. In
contrast, in a clinical trial of breast cancer patients reported by Basser G-CSF
was given at 10ug/kg/day sc for 7 days alone or with concurrent SCF at doses
of 5, 10 or 15ug/day sc. PBSC were collected on days 5, 6 and 7 of G-CSF
administration. The increase in progenitor yields in the SCF cohorts was
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disappointing and the only significant trend was in the group receiving 10ug/kg
SCF (p=0.13 and p=0.07 for CD34+ cells and GM-CFC respectively) (Basser et
al., 1998). During the course of the study however peripheral blood colony
assays had been performed for several days after the cessation of growth
factors and it was noted that despite a falling white cell count CFC numbers
remained high for a further 4 days or so in the SCF cohorts compared to those
receiving G-CSF alone (Begley et al., 1997). An additional group of patients
was therefore incorporated into the study that were given ten days of SCF at
10ug/kg/day, the first three days prior to G-CSF administration. This SCF pre-
treatment group had significantly higher peak blood progenitor counts and
higher progenitor yields at apheresis (Table 1.4). Furthermore the authors
suggesting qualitative differences based on an increased recloning ability in
vitro of primary GM colonies from the SCF pre-treated patients (90% secondary
colony growth compared to 30% in the patients receiving G-CSF only) (Begley
et al., 1997).

Table 1.4 Mobilization of breast cancer patients with G-CSF at 10ug/kg/day only or given SCF at
10ug for three days prior to G-CSF then concomitantly for the remaining 7 days

(Basser et al 1998)
Mobilization Peak blood progenitor Apheresis yields
protocol counts (3 harvests days 5,6,7)
CD34+ cells GM-CFC CD34+ cells GM-CFC
x10%/L x10%L X10%kg X10°/kg
G-CSF only 110 (64-167) 30 (14-18) 11.4 (1.9-23.7) 40.2 (8.3-91.6)

Pre-treatment 341 (255-417) 155 (89-202) 24.5 (4.5-52.1) 97.5 (28.7-205.1)
SCF and G-CSF

P value <0.001 <0.001 <0.001 <0.001

Major issues raised by these studies are how optimal dosing might be
achieved, increased cost, whether the addition of another growth factor can
achieve more than merely increasing the dose of G-CSF, and if so whether any

increased toxicity is acceptable. A second approach to increase progenitor
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yields might be to "boost" circulating progenitors immediately prior to
apheresis. Single injections of the chemokines IL-8 and MIP-1 o have been
shown to transiently boost G-CSF induced progenitor cell levels in mice (Lord
et al., 1995; Pruijt et al., 1998) but initial experience of MIP-1 « in patients has
not been encouraging. (Broxmeyer et al., 1998; Watts et al., 1996a)

As more potent ( and more expensive ) cytokine doses and combinations are
defined, it is important to identify those patients who would most benefit from
them. In a series of pre-treated patients with high grade lymphoma and
Hodgkin's disease at our institution approximately 25% of patients failed to
achieve the minimum harvest yield of 1 x 10°%kg CD34+ cells with a single
apheresis and about 8% even after combining several apheresis (Watts et al.,
1997c; Watts et al., 1998b). The failure rate is in general lower in solid tumours
but higher in low-grade lymphomas and myeloma. A number of factors have
been identified as being associated with poor mobilization including extensive
prior chemotherapy (Watts et al., 1998b) especially alkylating agents (Ketterer
et al., 1998; Morton et al., 1997) use of the Dexa BEAM / mini BEAM regimen
(Dreger et al., 1995; Watts et al., 1997c; Weaver et al., 1998), prior radiotherapy
(Haas et al., 1994a; Watts et al., 1997c) and the time from last chemotherapy to
mobilization (Perry et al., 1998). Besinger has reported advanced age to be
associated with poor mobilization (Bensinger et al., 1995) and Koumakis and
Anderlini identified significantly worse results in patients over 50 years old
(Anderlini et al., 1997b; Koumakis et al., 1996). In a series of 101 patients from
our institution however, 8 out of the poorest 29 mobilizers defined as <1x10%kg
CD34+ cells with the first apheresis, had no adverse risk factors (Watts et al.,
1997¢). It may be therefore, that many poor mobilizers can only be identified
after failing a standard mobilization protocol. This is perhaps not too surprising
as even with normal donors there may inter-individual variation in mobilization
as wide as in pre-treated cancer patients, with a subset of poor mobilizers
(Bishop et al., 1997; Brown et al., 1997; Roberts et al.,, 1995). This individual
response coupled with pre-treatment factors which affect mobilization and the
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variety of protocols in use make direct comparisons difficult. Most studies have
suggested that progenitors collected increase progressively from the recovery
phase of standard chemotherapy alone < higher dose chemotherapy alone <
cytokines alone < chemotherapy plus cytokine mobilization (Mohle et al., 1994;
Van Hoef, 1996).

A major issue will be the extent to which novel mobilization regimens can
improve the yields in the poor mobilizers rather than just in those patients in

whom mobilization was already adequate.

Progress has also been made in the method of stem cell collection.
Continuous flow cell separations will allow the processing of larger cell
volumes than intermittent flow machines and recent high volume apheresis
programs have been developed with improved progenitor cell yields (Murea et
al., 1996). Attention should also be paid to the timing of G-CSF injections
relating to the harvest procedure. An injection of G-CSF paradoxically causes
a transient fall in circulating progenitor cells (Watts et al., 1998a) and G-CSF

should not therefore be administered for several hours prior to an apheresis.

1.1.7 Post PBSCT Growth Factors

With the rapid haematological recovery that occurs following PBSCT it was
uncertain whether post infusion cytokines would further accelerate neutrophil
recovery, but a number of randomised trials have now shown this to be the
case (Klumpp et al., 1995; Linch et al, 1997). Following BEAM and PBSCT
there is a 3 day shortening of the time to achieve a neutrophil count of 0.5 x
10%I (Linch et al., 1997) and whether this translates into a cost-effective benefit
will depend on the local practice and health care system. A retrospective study
suggested that administration of G-CSF resulted in delayed platelet recovery
(Bensinger et al., 1995) but this has not been confirmed in the randomised
trials.
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1.1.8 Multiple High Dose Therapies

A single course of high dose therapy may not be the best way to intensify dose
and multiple cycles of high dose treatment with PBSC support is being
explored (Brugger et al., 1993; Shea et al., 1992; Tepler et al., 1993). The dose
of drugs used is less than when a single high dose procedure is performed
because of the cumulative non-haematological toxicity. This usually means
that haematological recovery would occur without PBSCT within a couple of
weeks so the benefit of the PBSC infusion is often marginal. In a study of
PBSCT after the miniBEAM regimen, which results in neutropenia and
thrombocytopenia lasting until a median of 15 and 10 days after finishing
chemotherapy, no benefit could be seen for PBSCT compared to historical
controls (Fielding et al.,, 1996). If PBSC are to be used for multiple cycles of
chemotherapy they can either be collected 'up-front' and aliquoted out, or
collected off the back of successive cycles of chemotherapy. The latter has the
advantage of 'in vivo purging' but the problem that yields tend to decline with
repeated cycles. There is also evidence from mouse models that the use of
cytokines to aid recovery in between treatment cycles may further exacerbate
poor yields with this approach (van Os et al., 1998).

1.1.9 Use of Venesection instead of Apheresis

In some patients the mobilized progenitor cell levels are sufficiently high (e.g.
CD34+ cells > 50 x 10%L ) that 1 litre of blood can exceed the minimum
requirement for platelet engraftiment, and can be used instead of apheresis
collections. Ossenkoepelle et al reported on the use of venesection collections
after high dose melphalan in patients with myeloma and noted a shortening of
the median regeneration times (Ossenkoppele et al., 1994) although smaller
volumes of 450ml| of unprocessed mobilized blood were inadequate for
supporting early courses of multicycle chemotherapy for breast cancer patients
(Vermeulen et al., 1998). In our experience the majority of patients do not

achieve the minimum threshold levels with a 1 litre collection to support high
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dose therapy and this means that this strategy can only be used with regimens
of moderate dose intensity where the period of pancytopenia without stem cells

can be well tolerated.

1.2.0 Use of cytokine-primed bone marrow

Some investigators have reasoned that the engraftment benefits of mobilized
PBSC could be gained with marrow after “cytokine-priming" and provide
advantages such as enhanced stromal cell support, HPC support where
apheresis is not available, reduced volume of marrow required and donor
choice of collection. In a study by Hansen et al 37 patients with haematological
malignancies were primed with G-CSF (5ug/kg/d for 5 days) or GM-CSF
(10ug/kg/d for 5 days)or IL-3 (10ug/kg/d for 10 days) prior to marrow collection.
Despite expanded marrow progenitor activity no improvement in engraftment
kinetics was seen compared to historical marrow autografts (Hansen et al.,
1995). This lack of benefit was confirmed in another study using IL-3 in a
further 19 patients (Sosman et al, 1995). Enhanced neutrophil engraftment
comparable to PBSCT has however been reported in a small study of 6
patients using G-CSF-primed marrow (Lowenthal et al., 1996). Taken together
these studies suggested that HPC mobilized into the blood possess some
property that facilitates rapid engraftment that is difficult to reproduce with HPC
collected from the marrow compartment. Interest has been renewed recently
however by reports of the successful use of cytokine-primed marrow. In a
randomized trial using high doses of G-CSF at 16ug/kg for three days to prime
autologous blood or marrow HPC in 55 lymphoma patients (in a ratio of 2 blood
to 1 marrow), Damiani was able to show equivalent rapid engraftment in both
groups (Damiani et al., 1997). Rapid platelet recovery compared to historical
controls has also been shown by Durrant in 10 patients following allogeneic
transplants using G-CSF-primed marrow from normal donors collected after 5
days of G-CSF at 10pg/kg/day (Durrant et al, 1997). Whether the rapid
engraftment in these studies represents a marrow or blood/marrow effect is
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unclear. Of the 1000 mL or so of marrow collected from each donor around
800mL is peripheral blood which is likely to provide sufficient progenitors alone
particularly in the case of mobilization with high G-CSF doses and in normal
donors. Assessing graft adequacy with this method of HPC support may
therefore prove difficult due to the variable contribution of concomitant
mobilized blood progenitor cells collected.

1.2.1 Future Developments

There is widespread interest in the use of purified CD34+ cells (Cagnoni &
Shpall, 1996) and a number of clinical scale purification devices are now
available (Berenson et al, 1991; Hohaus et al, 1997; Richel et al., 1996).
Direct comparison of the different devices has not yet been made. The major
rationale for CD34+ cell purification is to effect purging of tumour cells,
although CD34+ cell purification should probably be considered as only the
first step in this process if high efficiency purging is to be achieved. The big
question is whether such purging will improve long term outcome but there are
as yet no adequate sized trials addressing this. A problem with CD34+ cell
purification is that significant cell losses occur. In our experience of 116
immunoaffinity column (CEPRATE® SC) procedures the median CD34+ cell
loss was 52% (Chapter 7), which ié sufficient to restrict the number of patients
in whom such procedures can be performed (Watts et al., 1997b). It should be
noted however, that when allowance is made for the number of CD34+ cells
infused, the use of purified CD34+ cells is not associated with any delay in
engraftment. (Brugger et al., 1994; Hohaus et al., 1997; Watts et al., 1997b).

Considerable attention is being directed to the possibility of expanding PBSC
in vitro (Brugger et al., 1993; Haylock et al., 1992). This could take two forms.
First, the aim could be to expand the most primitive cells responsible for long
term engraftment. This might be particularly useful for cord blood transplants or

when performing autologous PBSCT in heavily pre-treated patients although it
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is likely that the latter category of patients will 'expand' poorly. Furthermore,
although in vitro stem cell expansion can probably be achieved in mice
(Muench et al., 1993), particularly with very high levels of cytokines (Miller &
Eaves, 1997) it may be that in man any cytokine induced proliferation is
associated with differentiation and stem cell loss. Indeed Holyoake and
colleagues have reported early regeneration and subsequent graft failure
when expanded marrow was used (Holyoake et al.,, 1997). The second aim is
to expand the later progenitor / precursor cells in an attempt to further
accelerate haemopoietic recovery. Whether these more mature cells will home
appropriately to the bone marrow and develop rapidly into functional mature
end cells is not yet known.

There is also interest in the in-vitro production of dendritic cells from PBSC for
use in tumour immunisation programmes and this is reviewed elsewhere (Fisch
et al., 1996; Reid, 1997; Steinman, 1996). Finally PBSC are attractive targets
for gene therapy although there are many problems to be resolved before this

becomes a clinical reality (Devereux et al., 1998).

1.2.2 CONCLUSION

The development of PBSCT has been a significant advance in autologous and
increasingly, allogeneic stem cell transplantation and further optimisation of the
technology is in progress. In the autologous setting it must be noted however
that this represents an improvement in supportive care and the most important
issue is whether high dose therapy cures more patients than conventional dose

therapy. Large randomised trials are required to address this issue.
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Chapter 2
General Methods and Materials

The reagents used and suppliers are listed in Appendix | (page 205 ).

2.0.1 "General purpose" tissue culture medium

A general purpose tissue culture solution of 10% fetal calf serum in RPMI 1640
with L-Glutamine (Gibco) and preservative free heparin at 20U/mL was sterile
filtered and used for general dilution, cell washing and preparation for culture
assays. The fetal calf serum used (Gibco, BRL) was heat inactivated at 56°C
for 30 minutes (heat-inactivated fetal calf serum, HIFCS) dispensed into 50mi

polypropylene tubes and stored at -20°C until required.

2.0.2 Sample handling of apheresis products

A sterile harvest sample was taken from the apheresis bag pilot line after
repeated “stripping back” of the product into the bag which was continually
mixed to ensure even cell suspension. This sample was then diluted 1/10 (for
cell counts) and 1/100 (for colony assays) in sterile RPMI containing 10% fetal
calf serum and 20U/ml heparin. Direct harvest smears and these dilution’s
were then used for a full blood count (STKR Coulter inc. Hialeah, FL.).
Standard May-Grunwald-Giemsa sfained smears was used for manual white
cell differential (Dacie 1950). Progenitor measurement by CD34+ cell and CFC
assays were performed as detailed below.

2.0.3 Cytocentrifuge preparations

Cytocentrifuge preparations were made by adding 2 x10° to 0.5 x10° of the cell
suspension to 2 drops of 20% bovine serum albumin in a disposable
cytocentrifuge cup (Shandon ) The cells were spun onto the slides at 500rpm

for 10 minutes and air dried.
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2.0.4 Viability counts

The cell viability of purified CD34+ cell fractions and diluted thawed bone
marrow or PBSC was assessed visually in a haemocytometer following 1/2
dilution in 0.4% Trypan Blue solution (Sigma T-8154). The proportion of blue
staining cells (non-viable) was subtracted from the total nucleated cell count to

derive the viable cell count.

2.0.5 Flow cytometry for CD34+ cell counts

Peripheral blood and harvest CD34 positive cell numbers were determined by
flow cytometry using a modified Milan protocol (Siena et al.,, 1991). Apheresis
samples were diluted 1/20 in AB serum in a 100ul volume (approximately 0.5
x108 cells) or a 100ul aliquot of peripheral blood was incubated for at least 30
minutes with a directly conjugated phycoerythrin HPCA-2 monoclonal antibody
or appropriate matched control (Becton Dickinson). This was followed by a
commercial red cell lysis method (Coulter "Q-Prep"); a phosphate buffered
saline wash to reduce background staining and flow cytometry (Coulter Epics
XL-MCL). A minimum of 50,000 total white cells were counted for each sample
and the percentage of cells which were CD34 positive were identified by the
dual characteristics of low light scatter and PE staining and gated as a
"cluster" (Figure 2.1). The percentage positive result of the irrelevant control
antibody was then subtracted. The CD34+ cell percentages were used to
derive absolute counts from the peripheral blood and harvest total white cell

counts.
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2.0.6 Alkaline Phosphatase-anti-Alkaline Phosphatase (APAAP staining)
Direct visualisation and counting of CD34+ and CD3+ cells was by APAAP
staining (Figure 2.1) (Erber et al., 1984). Tris Buffered Saline (TBS, 0.05M)
was prepared by diluting a Tris-HCI buffer 1/10 in saline and used throughout
for antibody dilution and washing steps. All antibody labelling and staining
was performed at room temperature. The cell smears or cytocentrifuge
preparations were air dried and stained immediately or tightly wrapped in
parafilm and stored at -20°C for future batch staining. Slides for staining were
fixed for 10 minutes with methanol (BDH, Analar) at room temperature (RT) and
air-dried. The appropriate mouse monoclonal antibody was diluted 1/10 in
TBS and 100ul of this flooded over the cells in a damp chamber and left for 1
hour at RT. Unreacting antibody was then removed from the slide by rinsing
TBS over the cells from a wash bottle. Rabbit anti mouse antibody (Dako Z259)
diluted 1/20 in TBS was then flooded over the cells and incubated for a second
1 hour incubation in the damp chamber. This layer acts as a "bridge" between
the first mouse monoclonal antibody and the final layer of mouse alkaline
phosphatase-anti-alkaline phosphatase complexes. The final APAAP layer
(Dako, D0651) was applied after a second TBS wash for the last 1 hour
incubation. A commercial stain for Alkaline Phosphatase was then used for
colour development (Sigma, F-4523). This simply involved dissolving a tablet
of buffer (TBS) in 10mL of distilled water, adding a tablet of Fast Red dye and
filtering the solution through a 20 micron filter directly onto the slides at RT for
30 minutes for full colour development. The slides were then counterstained
with Mayer's Haematoxylin for 5 minutes and mounted (Apathy's aqueous
mountant, BDH ).

2.0.7 Manual counting of APAAP stained CD34+ cells

Prior to the development of flow cytometry for CD34+ cell measurement visual
counting of CD34+ cells was used. The inaccuracies inherent in counting low
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2.0.8 Esterase staining _

Monocyte numbers in apheresis collections and in purified CD34+ cell fractions
(Chapter 8) were assessed by esterase cytochemical staining based on the
method of Li and Yam (Li et al, 1973). This was applied to cell smears or
cytospin preparations. Colour development in this method is based on an azo-
dye coupling reaction to a napthol ring which is released by esterase activity

within the cell from the napthol-esterase substrate used.

The stock working stain was made up by the addition the following [«reagea%s\
reagents to 44.5ml M/15 of Phosphate buffer, pH 7.6 (all from Sigma, UK):

1. 50mg alpha-napthyl acetate substrate dissolved in 2.5 ml ethylene glycol
monomethyl ester

2. 3ml of hexazotized pararosanalin azo dye (prepared by dissolving 1g
pararosanalin hydrochloride in 5ml of concentrated HCL and adding 20ml
H,O).

The pH of the working solution was adjusted to 6.1 with 1N NaOH and filtered

into 1ml aliquots, which were stored at -20°C until required.

For staining, the smears were fixed for 10 minutes in formalin vapour, the
thawed working esterase solution filtered onto the slides and allowed to react
for 45 minutes. This was then gently rinsed off with distilled water and 1%
methyl green applied for 2 minutes as a nuclear counter-stain. Monocyte
esterase activity was evident as a strong diffuse red-brown reaction. The
percentage of these cells were scored out of 100 cells examined in apheresis
smears where positive cells exceeded 20% and out of 400 cells for purified
CD34+ cytospin preparations where the proportion of positive cells was lower.
These percentages were then used to derive the absolute monocyte count from

the total white cell counts (Chapter 8).
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2.0.9 Clinical CD34+ cell purification
This is detailed in Chapters 7 and 8

2.1.0 Methylcellulose colony forming cell (CFC) assays

During the first pilot studies methylcellulose semi-solid assay media for CFC
colony growth was prepared ‘in-house". As the PBSC program expanded
however it became necessary and desirable to use commercially available and
quality batch controlled media for the purpose (Stem cell technologies,
Vancover, Canada) supplemented with recombinant cytokines.

2.1.1 In-house methylcellulose media:

This methyicellulose assay system was modified from that described by
Gregory, (Gregory, 1976). The culture mix was made up in a 50ml tube from
thawed stock materials previously prepared (described below) as follows: 20mi
of 2.7% methylcellulose, 18ml of heat inactivated Fetal calf serum (HIFCS), 6ml
10% buffered BSA solution, 4ml of B-mercaptoethanol stock and 5mL of
conditioned medium with 100U of added erythropoietin, 250ng GM-CSF and
500ng of IL-3. The mixture was warmed to 37°C in an air incubator, well mixed
and dispensed into 'ready to use' 2.5 ml aliquots in sterile, disposable Bijou
bottles. When required a Bijou of methylcellulose mixture was thawed in a 37°C
air incubator, the required volume of test cell suspension added and the bottle
thoroughly mixed prior to plating.

The methocellulose matrix was prepared by adding 10.8g of methylcellulose
(A4 premium grade Dow Chemical Co., Hounslow, Middlesex) into a sterile,
glass bottle containing a magnetic stirrer. This bottle was autoclaved for 15
minutes at 121°C and 400ml of Iscove's modified Dulbecco's medium (IMDM)
containing 500U penicillin and 500ug of streptomycin added to the contents
which were stirred at 4°C until fully dissolved (typically, 48 - 96 hours).
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Conditioned medium (5637 CM) was produced as a source of growth factors
using the method of Fraser et al. (Fraser et al, 1988). This was prepared by
seeding 5 x 10° of the 5637 cells (obtained as the HTB9 Bladder carcinoma cell
line from the European Cell Culture Collection, Porton Down, Wiltshire) in 25 ml
Iscove's modified Dulbecco's medium supplemented with antibiotics and 10%
HIFCS in 75 cm? tissue culture flasks. The flasks were incubated at 37°C in 5%
CO, in air. Having allowed the cells to expand for 8 to 10 days the supernatant
tissue culture medium was removed centrifuged and sterile filtered. Aliquots

were then stored at -20°C before use.

Bovine serum albumin (BSA, RIA grade, Sigma) was detoxified before use
using a modification of the method of Horton et al. (Horton 1969). 91ml of sterile
tissue culture grade water was added to 50 g of BSA and the powdered BSA
was allowed to sublime without stirring at 4°C for 48 hours. Then 10g mixed
bed resin (Analytical grade mixed bed resin AG-501-X8D-20 -50 Mesh, Biorad,
Hemel Hemstead, Herts.) was added to the BSA, stirred and left at 4°C for three
hours. The solution was stirred every 20 minutes for the two hours, left at room
temperature for 30 minutes and decanted through nylon gauze. The solution
(approximately 40% w/v at this point) was made isotonic by the addition of 1.1ml
of 10 X strength Dulbecco's phosphate buffered saline to each 15ml of BSA
solution. The resulting solution (approximately 37% w/v) was further diluted
with single strength PBS to 10% and centrifuged at 1400g for thirty minutes to
remove particulates. Before use, the 10% BSA solution was buffered with 7.5%
NaHCO, solution (Gibco). For the methylcellulose cultures 0.6ml 7.5% NaHCO,
solution was added to every 9.4 ml 10% BSA solution. These solutions were
then aliquoted and stored at -20°C.

The B-mercaptoethanol stock was prepared by adding 5ul of B-mercaptoethanol
(Sigma) to 30ml of IMDM, and storing at -20°C until required.
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2.1.2 Recombinant growth factors added

Three recombinant growth factors were available to supplement the in-house
methocellulose method.

The stock solutions of these were diluted in sterile water as indicated and the
volumes required for 50ml of culture mix added to the conditioned media that

was sterile filtered into the methocellulose mixture.

1. Interleukin-3 (IL-3, Sandoz) stock 300pg/ml (16ul of 1/10 stock in H,O)
2. GM-CSF (Hoechst )Stock 250ug/mi (10ul of 1/10 stock in H,0)
3. Erythropoietin (Boehringer-Mannheim) Stock 1000U/ml  (150ul added)

2.1.83 Commercial methocellulose media

This was considerably more simple. Commercial methylcellulose without
added growth factors ("methocult" HCC-4230) was purchased in 80ml aliquots
and stored at -20°C. To make the working mixture, growth factors were added
to 20ml of Iscove's minimal essential media and sterile filtered into the thawed
methocult to give final concentrations of IL-3 30ng/ml, GM-CSF 25ng/ml, SCF
10ng/ml, G-CSF 25ng/ml and 3U/ml of erythropoietin. This was well mixed and
dispensed in 2.5ml volumes into sterile Bijou tubes while warm. These tubes

were stored "ready to go" at -20°C until required.

2.1.4 Plating concentrations
Samples were plated in three or four wells in 0.5ml 24-well plates (Costar)
Optimal plating densities were established which typically gave around 10-40

total colonies per well:
1 2.5 x10*/ml for mobilized blood MNCs, diluted apheresis products and

fresh bone marrow MNCs.

2 5 x10*/ml for steady-state blood MNCs, thawed apheresis products
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3 1 x10%ml for thawed bone marrow harvests and CD34+ cell depleted
fractions following CD34+ cell purification.
4 1 x10%ml and 2.5 x10%ml for CD34+ cell purified cells

2.1.5 Pilot vial thaw method for CFC

For some studies pilot vials of cryopreserved marrow or PBSC were evaluated
for CFC content. These samples were thawed quickly in a 37°C waterbath in a
ziplock bag and 100ul of the thawed cell suspension transferred to a sterile
conical universal. This was resuspended to 2ml dropwise with 1.9ml of 10%
HIFCS in RPMI containing 20U/ml of heparin which was pre-warmed to 37°C.
The reconstituted cells had WBC counts and viabilities performed immediately
and the required sample volume was added to pre-warmed methylcellulose
media. The 0.5% DMSO cryopreservative remaining on the diluted thawed
cells was not washed off the cells as cells losses can be considerable (Gorin )
and was further diluted when the required volume of thawed cells (typically
<100ul) was added to the 2.5mL of methyicellulose.

2.1.6 Colony counting

Colonies were counted after 14 days incubation at 37°C in a humidified 4%
CO, atmosphere using an inverted stereo microscope (Olympus Optical,
London. ). The appearance of colonies formed are shown in Figure 2.1. BFU-E
were scored for haemoglobinised colonies exceeding 64 cells (colonies
usually contained several thousand cells) or considered as CFU-E below this.
Similarly, white cell colonies were scored as GM-CFC if cell numbers
exceeded 64 or classified as GM-clusters below this. No attempt was made to
quantify mixed colonies at the plating densities used as the chances of random
association of CFC types was too high.

Colony growth with the commercial and in-house methocellulose media was
comparable. No significant differences were noted in the same samples plated

in GM-CFC colony numbers but BFU-E growth was more consistent in the
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commercial media. For this reason where the results from both assays were

combined for analysis only GM-CFC numbers were considered.

2.1.7 Mononuclear cell preparation (MNC) and CFC/ml blood

Light density mononuclear cells were prepared from blood and fresh marrow
samples by ficoll sedimentation. A white cell count was performed on the start
sample and a measured volume (typically 5ml of blood or 2 ml of marrow) was
diluted with an equal volume of RPMI containing 10% HIFCS and 20U/mi
heparin. The diluted sample was then carefully layered onto its own volume of
ficoll in a 20ml sterile universal tube. This was centrifuged at 400g for 20
minutes and the light density layer pipetted off, diluted in 20ml of 10%
HIFCS/RPMI medium and centrifuged at 800g for 10 minutes to pellet the cells.
Contaminating ficoll was removed with the supernatant and the pellet
resuspended in the 10% HIFCS/RPMI medium and made up to a measured
volume of MNCs (typically 0.5 ml for steady-state blood or 5ml for mobilized
blood). A white cell count was performed on this and the MNC/mi of
blood/marrow calculated as below:

MNC x10%/ml sample = MNC prep. count x10%ml x MNC prep. volume (ml)

Volume of blood/marrow used for MNC prep.

The volume of MNC preparation required for a given plating concentration in
2.5 ml of methocellulose media was calculated as shown below, using steady-

state (resting) blood as an example:
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Resting blood example: MNC plating required at 5 x10%/mL.:

Volume of MNC prep. required (ul) to add to 2,500 ul of methocell for 5 x10* cells/ml :

= 5x10* X 2500 = 0.05 x108 X 2500 = volume to add (ul)
MNC prep WBC x10°%/ml MNC prep WBC x10%mli

The required MNC volume was added to the warmed methocell, well mixed
and plated into three or four 0.5 ml well in a 24-well "Costar" plate. Sterile PBS
was added in between and in surrounding wells to prevent methocell-drying

artifacts over the culture period and after 14 days colonies counted as below.

The CFC/ml in this example were then derived as follows:

Average number of CFC per well = CFC /2.5 x10* cells plated (0.5 ml well volume used)
Average number of CFC per well x 4 = CFC/10° cells plated and x10 =CFC/10® cells plated.

CFC/ml blood = MNC x10%/ml blood x CFC/108 cells plated.

2.1.8 Apheresis CFC dose calculations

Apheresis harvest samples were processed as "MNC preparations" and simply
diluted 1/100 in 10% HIFCS in RPMI with 20U/ml heparin. The volume
required to add to the prepared 2.5ml of methocell for a plating concentration of
2.5 x10%ml cell count was then calculated as follows:

Volume of harvest prep. required () to add to 2,500 ul of methocell for 2.5 x10* cells/ml :

= 2.5 x10* x 2500 = 0.025 x10° x 2500 = volume to add (W)
1/100 harvest WBC x108/ml 1/100 harvest WBC x108/ml
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After culture, the dose/body wieght (kg) of CFC were derived as follows:

Average number of CFC per well = CFC /1.25 x10* cells plated (0.5 ml well volume used)

Average number of CFC per well x 8 = CFC/10° cells plated and x10 =CFC/10° cells plated.

CFC/ml harvest = harvest WBC x10%ml x CFC/10° cells plated x harvest volume (mi)
Body weight (kg)

This is expressed as CFC x10°kg.

2.1.9 Cytokine Assays

Plasma concentrations of all growth factors were evaluated by specific enzyme-
linked immuno-adsorption assay (ELISA) kits (“Quantikine”, R+D systems-
British Biotechnology, Cowly, Oxford, UK). The detection thresholds of the
cytokines measured were; G-CSF 5.0 pg/ml, GM-CSF 20 pg/ml, IL-6 10 pg/ml,
stem cell factor 5.0 pg/ml and MIP-1-alpha 3.0 pg/ml.

The detection method was similar for each assay. A mouse monoclonal
antibody specific to the cytokine to be measured was provided adsorbed to 96
well polystyrene plates. Geometric dilution’s of plasma control recombinant
human cytokine were added to the wells with test samples in duplicate, and
incubated for 2 hours at room temperature. After washing the plate, a
peroxidase conjugated goat -anti -mouse antibody was added for a further 2
hour incubation, followed by a second wash to remove un-reacting antibody.
Tetramethylbenzidine was then added which is oxidised by peroxidase activity
to a blue reaction product. The reaction was stopped after 20 minutes with 2N
sulphuric acid and absorbance read at 450nm vs substrate blank on a
microtitre plate reader (Dynatech MR700, Dynatech labs. Ltd., Sussex, UK) .
Absorbance of the test wells were compared with the standard curve and

expressed as pg/ml. Means and SEMs were calculated for various time points.
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2.2.0 Data handling and statistical analysis

As the number of patients enrolled into the PBSCT program increased it
became evident that a computerised database was required. This was
constructed for recording clinical, mobilization and harvest details using
FilemakerPro software (Claris Corporation) and an Apple Macintosh computer.
The cross-platform capabilities of this package allowed transfer into a number
of statistical analysis packages such as Microsoft Excel, or for use on an IBM

PC e.g. Number Cruncher Statistical System 5.x, Univ. Utah.
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Chapter 3

Progenitor Threshold Requirements for
Haematological Recovery

3.0 INTRODUCTION

Progenitor mobilization, harvesting, processing and cryopreservation impose
considerable logistic and financial pressures on the resources of a
transplantation unit. = Aggressive progenitor mobilization and apheresis
collection is expensive and not without morbidity. These factors must be
wieghed against the consequences of delayed engraftment which may result
from inadequate progenitor collection. Without a knowlege of minimal and
optimal progenitor requirement targets, plans to minimise unduly aggressive
mobilization protocols, apheresis collection, storage, conventional processing
and the use of cell manipulation techniques such as CD34+ cell selection
which involve progenitor losses are less feasible. This chapter will consider
the broad overall relationship of progenitor dose requirements and
haematological recovery. Subsequent chapters involve the detailed
examination of subsets of these patients and address issues of “poor
mobilizers”, progenitor quality and the feasibility of purified CD34+ cell
transplantation.

There is a considerable consensus that the re-infusion of higher PBSC
progenitor numbers results in more prompt haematological engraftment. The
higher the level of recovery counts, guarantee of recovery (99% rather than
90% of patients for example) and the shorter the speed of engraftment
expected the higher the target progenitor requirement is likely to be. In this
chapter a pragmatic hazard assessment approach to engraftment delay is
adopted in which the incidence of pre-defined slow or delayed haematological

recovery times are related to the progenitor dose re-infused and thresholds

60



determined. Most other groups have defined progenitor requirements on the
basis of statistical differences between mean or median recovery times of
neutrophil and platelet counts for a given progenitor dose re-infused against
the progenitor dose re-infused (Bensinger et al, 1995; Schwartzberg et al.,
1993; Weaver et al., 1997). which is sensitive but can suggest unrealistically
high progenitor collection for some patient groups. Even if the logistics and
cost of progenitor collection were not limiting it has been shown in many
studies that some patient groups mobilize poorly (Haas et al., 1994a; Watts et
al,, 1998b; Weaver et al, 1997). In particular, those patients with bone
marrow damage associated with primary disease, prior chemotherapy and/or
radiotherapy are likely to mobilize low progenitor numbers even if multiple
apheresis procedures are under taken (Haas et al., 1994a; Weaver et al.,, 1995;
Weaver et al, 1997). Sub-optimal yields may also result from the choice of
mobilization protocol, apheresis and progenitor assays used. Progenitor
threshold requirements assessed by haematological recovery are further
compounded by variables which may be independent of progenitor dose
(Morse et al.,, 1993). These include clinical factors such as prior therapy and
poor progenitor quality, return to a damaged bone marrow micro-enviroment,
intervening disease, infection, drug reactions, immunological cytopaenias, use
of growth factors or to technical factors such as measurement errors or freeze-
thaw losses. It is unlikely therefore that stringent engraftment predictions for
any given progenitor threshold will be applicable to all patients in any large

clinical series.

Most studies have used CD34 antigen positive cell numbers as a progenitor
measurement of harvest adequacy. The flow cytometric method has the
advantages of precision and potential for interlaboratory standardisation and
most importantly can be used for immediate apheresis guidance. GM-CFC
assays require 2 weeks before the results can be assessed and cannot

be used
thereforeAto guide apheresis in real time but are a measure of progenitor cell
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clonogenic function which may be necessary to confirm harvest adequacy from
patients with low CD34+ cell yields in particular. The MNC vyield has been
shown in some studies involving well standardised mobilisation protocols to be
a reliable measurement of harvest adequacy (Linch et al., 1997; Scott et al.,
1995a; Watts et al., 1997c).

3.1 PATIENTS STUDIED

Between June 1992 and March 1996, peripheral blood stem cells mobilized
with G-CSF + chemotherapy were collected on 324 consecutive patients with
non-leukaemic malignancies. Of these 256 went on to high dose therapy with
PBSC support. The patient diagnoses, median age and sex of the transplanted
patients studied in this chapter are detailed in Table 3.1. These patients were
primarily involved in a study to assess the overall incidence of poor mobilizers
and the efficacy of backup bone marrow to ensure engraftment in such patients.
This study is described in Chapter 6 where mobilization protocols, pre-
treatment, apheresis and progenitor yields for each patient group are detailed.
The purpose of this chapter is to establish the overall relationship between
progenitors re-infused and haematological recovery in the 256 of these
patients who went on to transplantation following high dose therapy. MNC,
CD34 and GM-CFC counts and dose were performed as described in the
general methods and materials section, Chapter 2. Haematological recovery
was assessed from the time of PBSC infusion (24 hours after completing high
dose chemo/radiotherapy) to the day on which a sustained neutrophil count of
>0.5x109/L was achieved. Platelet recovery was defined as the number of
days before platelet independence was achieved with a platelet count above
15 x109/L without evidence of bleeding. Recovery was abitrarily defined as
“slow” if recovery to these parameters occured between 21 and 28 days and
“delayed” if recovery was beyond 28 days. Nine patients with some of the
poorest apheresis yields ( below 1 x106/kg CD34 cells) also had autologous

bone marrow re-infused although only the PBSC progenitors re-infused are
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included in this analysis. Twenty four patients received immunoaffinity purified
CD34+ cells and were excluded from MNC dose analysis.

Table 3.1 Patients who received high dose therapy with PBSC Support (n=256)

Diagnosis n Sex Age
(M:F)
Hodgkin's disease 99 61:38 31 (15-57)
NHL : Low grade 27 19: 8 48 (25-64)
High grade 66 46:20 44 (21-66)
Myeloma 31 19:12 55 (19:12)
Solid tumour 33 13:20 38 (14-60)

3.2 RESULTS

3.2.1 Overall incidence of engraftment delays

The overall incidence of neutrophil engraftment beyond 28 days was 3/256
(1%) and of slow neutrophil recovery over 21 days but less than 28 days was
8/256 (3%). Delayed platelet recovery occured in 29/256 (11%) of patients and
slow recovery in 9/256 (4%). Table 3.2 shows the median/range of days to
neutrophil and platelet recovery and Table 3.3 the incidence of slow and
delayed haematological recovery, both tables related to our previously defined
minimal and optimal thresholds of 1 and >3.5 x10€é/kg CD34+ cells, or 1 and
>3.5 x105/kg GM-CFC or 1 and >3.5 x108/kg MNC. Distribution plots of the cell
dose returned against recovery time are shown in Figures 3.1.1 to 3.1.3. These
thresholds and a recovery line at 28 days are indicated.
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Table 3.2 Progenitor cell dose re-infused and days to haematological recovery in 256 patients

Days to Neutrophils Days to Platelet
of 20.5 x10%L Independence
Cell Dose Returned <1 1-35 > 3.5 <1 1-35 >3.5
CD34+ cells x10%kg
median days 15 12 11 >28* 13 10
range 9-50 6-27 8-23 8->500 6-62 5-68

GM-CFC x10%kg
median days 16 12 11 >22* 13 10
range 10-50 6-27 8-19 8->500 7-120 5-68

MNC x 10%/kg**
median days 13 12 11 14 >12* 11
range 10-18 6-50 8-39 8-20 7->500 5-80

** The 24 patients who received purified CD34+ cells excluded from MNC analysis
* Exact median not possible as some patients died platelet dependent or did not achieve independence

3.2.2 MNC dose and engraftment
No clear discrimination thresholds were evident based on the MNC dose
returned with a spread of slow and delayed engraftment over a wide range of

doses from approximately 1-6 x10%kg (Figure 3.1.3).

3.2.3 CD34+ cell dose and engraftment

In contrast a clear threshold is evident at a dose of 1 x10%kg CD34+ cells re-
infused (Figure 3.1.1). The 41 patients who received <1 x10%kg included all 3
patients with delayed neutrophil recovery and 20 of the 29 patients with
delayed platelet recovery including all those who failed to achieve platelet
independence within 70 days. If the incidence of delayed platelet recovery is
considered against the CD34+ cell dose re-infused in increments of 1 x106/kg,
this was 4/52 at 1-2, 2/36 at 2-3, 3/25 at 3-4, 0/22 at 4-5 and 0/80 above 5 x10°
CD34+ cells’lkg. The increased frequency of delayed platelet recovery in those
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patients who received <1 x10°CD34+ cells/kg compared to those who received
1-2 x10°CD34+ cells/kg was highly significant (P<0.0001) but did not achieve
significance between the stepwise increases above 1 x10°CD34+ cells/kg.
However the incidence of delayed platelet recovery was significant between
those patients who received between 1-3.5 x10°CD34+ cells’kg (8/102) and
1/113 in those who received a CD34+ cell dose above this level (P=0.0157).
The one patient who received a CD34+ cell dose above 3.5 x10°CD34+
cells/kg and did not achieve platelet‘independence until day +60 was a 15 year
old boy with a diagnosis of Ewing's sarcoma in whom slow platelet recovery
had been noted following busulphan during his standard chemotherapy. This
was the principal drug used in his high dose therapy.

3.2.4 GM-CFC dose and engraftment

A re-infused GM-CFC dose of below 1 x10°kg was also predictive for poor
engraftment and included the 3 patients with delayed neutrophil recovery and a
high incidence of delayed platelet recovery (12/27, 44%) compared to 15/97
(15%) in those who received between 1-3.5 x10°/kg GM-CFC (P=0.0156).
There was also a cluster of patients with delayed platelet recovery (12/43,28%)
who received between 1-2 x10°kg GM-CFC (Figure 3.1.2). The difference
between these two incidences was not statistically significant and it is
noteworthy that the patients who received <2 x10°kg GM-CFC accounted for
24 of the 29 patients with delayed platelet recovery including all those who
failed to achieve platelet independence within 70 days. No significant
differences between the frequency of delayed platelet recovery was evident in
stepwise doses above 2 x10°kg GM-CFC however. The incidence of delayed
platelet recovery was 3/33, 1/34, 1/25 and 0/93 for patients re-infused with 2-3,
3-4, 4-5 and more than 5 x10°/kg GM-CFC respectively. It is particularly of note
that all of the patients with delayed platelet recovery who received up to 2

x10°’kg GM-CFC were also among the 41 who received <1 x10°CD34+
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cells’/kg. Amongst these 41 patients 19 had a GM-CFC dose below 1 x10%/kg
with 12 cases of delayed platelet engraftment, 18 received 1-2 x10°kg GM-
CFC with 9 cases of delayed platelet engraftment and the remaining 4 received
a GM-CFC dose above 2 x10°/kg at 2.5, 3.2, 3.7 and 3.7 x10°kg with no cases
of delayed or slow recovery.

Table 3.3 Progenitor cell dose re-infused and risks of delayed haematological recovery
in 256 patients

Neutrophil Platelet
Recovery Recovery
Cell Dose Returned
<1 1-35 > 35 <1 1-35 > 3.5
CD34+ cells x10°/kg
n= 41 102 113 41 102 113
Slow (>21 days) 3 4 1 3 3 3
( 7%) ( 4%) (1%) | (7%)  (3%) ( 3%)
Delayed ( >28 days) 3 0 0 20 8 1
( 7%) ( 0%) ( 0%) | (47%) ( 8%) ( 1%)
GM-CFC x10°/kg
n= 27 97 132 27 97 132
Slow ( >21 days) 3 5 0 1 3 5
(11%) ( 5%) (0%) | (4%) ( 3%) ( 4%)
Delayed ( >28 days) 3 0 0 12 15 2
(10%) ( 0%) ( 0%) | (44%) (15%) ( 1%)
MNC x 10°/kg*
n= 14 105 113 14 105 113
Slow ( >21 days) 0 7 1 1 3 4
( 0%) ( 7%) (1%) | ( 0%) ( 4%) ( 3%)
Delayed ( >28 days) 1 0 2 1 18 7
( 7%) ( 0%) (2%) | ( 7%) (17%) ( 6%)

*The 24 patients who received purified CD34+ cells are excluded from MNC analysis
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3.2.6 Effect of post infusion G-CSF on haematological recovery

Planned post infusion G-CSF was administered on the day of PBSC infusion or
from day +6 for a total of 81 patients at a dose of 5ug/kg/day sc. It was

administered symptomatically for slow neutrophil recovery in a further 10
patients. Neutrophil and platelet recovery of the 256 patients related to the
CD34+ cell dose infused is shown in Figure 3.3 with those patients who
received early post infusion G-CSF indicated. Of the 3 patients with a
neutrophil recovery beyond 28 days, all of whom received <1 x10°CD34+
cells/kg, the two patients with longest recovery times of 39 and 50 days
received G-CSF from the day of PBSC infusion and the third with a recovery
time of 30 days from day +19. [t is notable that none of the 9 patients who took
21-28 days to recover a neutrophil count of 0.5 x10%L received post infusion G-
CSF. Three of these patients received CD34+ cell doses below 1 x10%/kg and
the remaining six received 1.0, 1.7, 2.1, 2.1, 2.9, and 3.6 x106/kg CD34+ cells.
Among the 41 patients who received <1 x10°CD34+ cells/kg the median day
(range) to neutrophil recovery of the 13 patients who did not receive post
infusion G-CSF was 12 (10-50) compared to 15 (9-30) for the remaining 28
patients. For the 215 patients who received >1 x10°CD34+ cells/kg the median
day (range) to neutrophil recovery was 10 (8-17) for the 68 who received early
G-CSF and 12 (6-27) for the remaining 147 patients (P=0.05). Slow or delayed
platelet recovery was related to CD34+ cell dose re-infused independently of
G-CSF administration.
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3.3 DISCUSSION

Various figures have been quoted for progenitor cell requirem.ents, reviewed by
Demirer (Demirer & Bensinger, 1995), but most values quoted are in the range
of 1to 5 x10%kg GM-CFC or 1 to 5 x10%kg CD34+ cells. Part of the variation is
dependant on what proportion of patients with slow engraftment is acceptable
to a given centre and how this is defined. In a series of 52 patients with
lymphoma and solid tumours reported by Schwartzberg et al., (1993) all 4
patients with slow platelet recovery had received <2 x 10°%kg GM-CFC.
Zimmerman studied 30 patients receiving high dose therapy for advanced
breast cancer. A high level of slow engraftment was seen with a CD34+ cell
dose below 0.75 x 10°%kg and a threshold of 2.0 x 10%kg was suggested for
rapid engraftment (Zimmerman et al, 1995). Of 42 lymphoma patients
autografted with PBSC reported by Haas a dose of 2.5 x10%kg CD34+ cells
was identified as a threshold to achieve rapid engraftment (Haas et al., 1994a).
Of the 7 patients with delayed recovery below this threshshold in the Haas
series, 6 received less than 1.0 x10%kg CD34+ cell and required 4 to 11
apheresis collections to achieve this. Excessive apheresis of poor mobilizers
to ensure engraftment may not be effective however as reported by Weaver
who attempted to increase progenitor numbers by remobilizing and
reapheresing patients with poor yields but did not reduce the risk of slow
engraftment suggesting poor progenitor quality (Weaver et al., 1995; Weaver et
al., 1997). Overall these threshold values are similar to those described in our
study and suggest that they may be broadly applicable to a range of diseases
and conditioning regimens.

The highest incidence (around 50%) of delayed engraftment in the present
study were seen in the patients with a PBSC yield below 1 x10%kg CD34+ cells
or below 1 x10° GM-CFC. However a relatively high incidence (12/43, 28%)
was also seen in those patients who received between 1-2 x10°%kg GM-CFC.
Although these 12 patients also had a concomitant CD34+ cell dose below 1
x10%/kg minimum progenitor levels of 1 x10%kg CD34+ cells and 2 x10%kg GM-
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CFC appear to be prudent at these borderline levels. A GM-CFC yield of at
least 2 x10°%kg was achieved in 179/183 (98%) of patients in whom 2 x10%kg
CD34+ cells were collected at apheresis and these patients could proceed
directly to transplantation if required without awaiting colony assays. In those
patients with a CD34+ cell yield below 1 x10%kg it would be preferable to wait
and collect additional progenitors with an optimal mobilization protocol (Perry
et al, 1998) if permitted by the underlying clinical condition. Some patients
with a GM-CFC dose below 2 x105/kg may be still considered eligible for
transplantation depending on the perceived need but this is a clinical decision

to be made by the physician in charge in each individual case.

It is noteworthy that in this study the number of MNC was not predictive of
recovery compared to the progenitor cell measurements in contrast to our
previous experience and that of others (Linch et al,, 1997; Scott et al.,, 1995a;
Watts et al.,, 1997c). In the study reported by Scott, 28 pre-treated lymphoma
and myeloma patients were mobilized with cyclophosphamide at 3g/m? or
7g9/m? and G-CSF, apheresis commencing on a recovery WBC above 3.0
x10%L. Those patients where an MNC dose over 4 x10%kg was collected also
had a GM-CFC dose over 1 x10°%kg and experienced rapid engraftment
following high dose therapy. Our studies used a mobilizing regimen of
cyclophosphamide at 1.5g/m? and G-CSF with the first harvest carried out on
the first day the WBC exceeded 5.0 x 10%L. This specific mobilization regimen
can be used safely without the more complex progenitor cell measurements
providing the WBC recovery counts are prompt and MNC yields are high.
Where the WBC kinetics are not validated for all of the mobilisation regimens
as in this study CD34 or GM-CFC measurements are still mandatory. In
addition the MNC count is inappropriate when the harvest has been

manipulated including progenitor cell purification.
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Although not a randomised study those patients who received post-PBSC
infusion G-CSF had significantly faster neutrophil recovery without any delay in
platelet recovery as had been suggested in one study (Bensinger et al., 1995).
The beneficial effect of G-CSF post-PBSC transplantation has however been
confirmed by ourselves and others in randomized trials (Klumpp et al., 1995;
Linch et al., 1997)

In conclusion, these data suggest minimum progenitor requirements for direct
progress to high dose therapy of 1 x10%kg CD34+ cells and 2 x10%kg GM-CFC,
both thresholds ensured by collecting 2 x10%kg CD34+ cells at apheresis.
Below these levels additional clinical assessment of the individual case should

be made before proceeding to transplantation.
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Chapter 4

Factors Predicting for Mobilization Efficiency

4.0 INTRODUCTION

A number of factors have been shown to predict for a poor PBSC vyielid
including diagnosis, prior radiotherapy, marrow infiltration or fibrosis and
extensive prior chemotherapy (Bensinger et al, 1995; Haas et al, 1993;
Passos Coelho et al, 1995; Watts et al, 1997c). The type of prior
chemotherapy may also be relevant. In a study by Morton et al for example
continuous therapy with the alkylating agent chlorambucil expressed as a
period of administration or total grams received was shown to be highly
detrimental to CD34+ cell yields (Morton et al, 1997). Significantly poorer
yields were also shown recently by Ketterer to be strongly associated with the
use of dmei‘anti.i'metabof.éte Hud@_,f‘@bine, especially in patients with
indolent lymphomas (Ketterer et al., 1998). In study by Dreger et a/ , more than
one cycle of the stem cell toxic Dexa-BEAM regimen was found to be
associated with very poor subsequent PBSC harvests (Dreger et al., 1995).
This poor mobilization effect has recently been confirmed by Weaver et al using
mini-BEAM, a similar chemotherapy salvage regimen (Weaver et al., 1998).
Many different mobilization schemes have been described but there is general
agreement that the highest progenitor yields are achieved with a combination
of chemotherapy and growth factors (Demirer & Bensinger, 1995; Mohle et al.,
1994, Van Hoef, 1996). The chemotherapy can be part of the standard therapy
(Brugger et al., 1993; Dreger et al., 1993; Pettengell et al,, 1993; Watts et al,,
1996b), or can be specific to the mobilization process (Gianni et al., 1989). In
our institute we have extensively used relatively low dose cyclophosphamide
(1.5g/m?), followed by G-CSF in pre-treated patients with malignant lymphoma
(Jones et al., 1994). Such a standardized protocol can be applied to patients at

all stages of their disease, and is associated with much less morbidity than
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higher dose regimens (Gianni et al, 1989; Rosenfeld et al., 1995; Rowlings et
al., 1992). This regimen has also allowed successful engraftment from a single
apheresis harvest in a proportion of patients (Jones et al., 1994).

The purpose of this study was to evaluate the progenitor yields collected from a
relatively homogeneous series of 101 pre-treated lymphoma patients all
mobilized with this protocol. The relationship between the progenitor yields
collected from an optimal timepoint during mobilization and the patient age,
sex, diagnosis, prior radiotherapy, the number of cycles and timing of
chemotherapy was determined by multivariate analysis. Using this information
it has been possible to determine the proportion of patients achieving the
different progenitor threshold requirements discussed in Chapters 3 and 7
when considering either a single or a double apheresis collection. A
proportion of patients were deemed to be “poor mobilizers” and the factors

predicting for this have been evaluated.

4.1 PATIENTS AND METHODS

This study refers to 101 patients with relapsed or resistant lymphoma, 61 with
Hodgkin’s Disease and 40 with Non Hodgkin’s Lymphoma, who were entered
into the high dose therapy program at University College London Hospital. The
demographics of these patients are shown in Table 4.1. No patient had
morphological bone marrow involvement with disease at the time of

mobilization.

78



Table 4.1 Patients studied

Hodgkin’s Non-Hodgkin’s
Variable Disease Lymphoma
(n=61) (n =40)
Median age 30 44
(range) 15-54 20 - 61
Sex
( male:female ) 36:25 25:15
No. given Prior radiotherapy 30/61 5/4Q
% 49 13
Cycles of prior chemotherapy: 8 6
median (range) 4-20 3-18
Number of patients recieving 0, 1 or
2 courses of mini-BEAM therapy
prior to PBSC collection
0 46 31
1 11 9
2 4 0

4.1.1 PBSC mobilization and collection.

All patients were mobilized with low dose cyclophosphamide (1.5g/m?) given
on day 1 followed by G-CSF given sc at 10ug/kg (filgrastim) or a single vial of
lenograstim (263 ug/vial) 24hrs afterwards and daily thereafter until harvesting
was complete. One to three apheresis harvests were collected on days 8 to 12,
on a Haemonetics V50 (n=18), COBE Spectra (n=27) or Baxter CS3000
apheresis machine (n=56), commencing when the white count was beginning
to rise after the cyclophosphamide induced nadir. Each apheresis procedure
was carried out for approximately 4 hours, with the Haemonetics V50 this
resulted in the processing of 3.5-5.5 liters of blood , with the COBE Spectra 8-
16 liters and 10 liters (pre-set) with the Baxter CS3000. In the early phases of
this study all patients had 3 apheresis collections, and 97 of the 101 patients
had at least 2 harvests. As the PBSC program evolved, the timing of the
harvest was refined and it became apparent that a single apheresis was
adequate in many patients. In the harvest data presented in this study the first
harvest is that taken on the day when the recovery WBC first exceeded 5.0 x
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10%L which we have previously determined to be the optimal time for a harvest
with this mobilization protocol (Waits et al, 1995b). Differential white cell
counts and progenitor assays for CD34+ cells and GM-CFC were measured as
described in the general methods and materials section, Chapter 2.

4.1.2 Statistical analysis of data.

The relationship between the various clinical parameters and harvest yield
were examined by univariate and multivariate analysis using the hazards
regression model of Cox (Cox, 1972).

4.2 RESULTS

4.2.1 Toxicity of Mobilization regimen

Peripheral blood stem cells were collected after cyclophosphamide 1.5g/m?
and G-CSF in 101 lymphoma patients. During the mobilization period 5/101
(5%) of patients required admission to hospital, 3 with neutropaenic sepsis,

one with bone pain and a fifth with disease related symptoms.

4.2.2 Effect of G-CSF regimen and leukapheresis machine on PBSC yields.

Two different G-CSF regimens were used: either filgrastim 10ug/kg/day (n =
43) or lenograstim 1 vial (263ug) / day (n = 58) from the day after the
cyclophosphamide until harvesting was complete. In initial studies on the
mobilization achieved with these two different G-CSF regimens, the kinetics
and magnitude of the mobilization were found to be similar (Figure 4.1A). The
total MNC, GM-CFC and CD34+ cells collected on the first day that the WBC
exceeded 5.0 x 10°/L after cyclophosphamide induced nadir were also similar
(Fig 4.1B). The median dose of MNC, CD34+ cells and GM-CFC collected
were 1.6 x 10%kg, 2.1 x 10%/kg and 2.1 x 10%kg respectively in the filgrastim
group and 2.2 x 10%kg, 2.2 x 10%kg and 2.7 x 10°kg in the lenograstim group.
In subsequent analyses the two G-CSF regimens have therefore been

analyzed together. In the first 18 patients, PBSC were collected using a

80



Haemonetics V50 cell separator. Subsequent PBSC were harvested using
continuous flow cell separators, either a COBE Spectra (n = 27) or a Baxter
CS3000 (n = 56). The Haemonetics V50 machine collects a buffy coat and the
median number of MNC harvested was 1.3 x 10%kg (range 0.4 - 3.6) on the first
day the WBC exceeded 5.0 x 10%L, which was less than with the continuous
flow machines at the same time point ( median 2.1 x 10%kg - range 0.5 - 17.8).
The progenitor yields were similar however; the median number of CD34+
cells and GM-CFC collected with the Haemonetics machine being 2.2 x10%kg
and 2.1 x 10°/kg respectively compared to 2.1 x 10°kg and 2.7 x 10%kg for the
continuous flow machines. The discrepancy between lower MNC yield and
equivalent progenitor cell yield with the Haemonetics V50 may in part relate to

the difficulty in performing accurate MNC counts on a buffy coat.
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4.2.3 Factors Predicting for PBSC Yield

Multivariate analysis was carried out to determine which factors predicted for
obtaining the various CD34+ cell and GM-CFC thresholds on a single
apheresis collected on the first day the mobilization recovery WBC exceeded
5.0 x10%L. The factors considered were age, sex, diagnosis, cycles of previous
therapy, previous treatment with radiotherapy, intermittent versus continuous
flow apheresis, and the G-CSF mobilization regimen employed (Table 4.2).
The only factor predicting for a poor yield on a single apheresis (collected on
the first day the post nadir WBC exceeded 5 x10%L) was the receipt of previous
radiotherapy. (P=0.04 for GM-CFC yield and P=0.03 for CD34+ cell yield).
This only applied if GM-CFC or CD34+ cells were considered as continuous
variables but did not hold if the achievement of a single target thresholds of 1 or
2 x10° CD34+ cells or 1 or 2 x10° GM-CFC was used. Paradoxically, the
administration of radiotherapy to any site appeared more predictive than when
only wide field irradiation was considered. No predictive effect of prior
chemotherapy was apparent in this series and 8 of the 29 patients with poor
mobilization defined as a yield of 1 x10%kg CD34+ cells  collected at first
apheresis when the WBC exceeded 5.0 x10%L had received neither prior
radiotherapy nor more than 6 cycles of chemotherapy (Figure 4.2). A
multivariate analysis of factors predicting for yield in terms of GM-CFC collected
gave the same result.

101 patients
||
29 patients
<1 x10%kg CD34+ cells collected at first
apheresis when WBC >5.0 x10%/L

16 patients 13 patients
No RT RT
8 patients <6 courses 8 patients >6 courses
of chemotherapy of chemotherapy

Figure 4.2 Flow chart showing the relationship of the poorest mobilizers to prior therapy
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Table 4.2 Univariate and multivariate analysis of clinical factors on the achievement of target
PBSC progenitor yields in 101 lymphoma patients

Clinical Factor Prediction of Minimum Progenitor Yield at First Apheresis
(when recovery WBC first exceeds 5 x10%L)
CD34+ cells GM-CFC
1 x10°/kg 2 x10°/kg 1 x10°/kg 2 x10°/kg
Age 0.53 0.33 0.69 0.29
(<33,>33)
Sex 0.96 0.57 0.88 0.89
G-CSF type 0.42 0.60 0.96 0.76
(filgrastim/lenograstim)

HD or NHL diagnosis 0.87 0.14 0.21 0.22
Chemo cycles (<6, >6) 0.16 0.75 0.69 0.83
Previous radiotherapy 0.25 0.29 0.52 0.74
(none versus any)
Prior miniBEAM/BEAM 0.43 0.24 0.63 0.31
(YorN)
Diagnosis to 0.34 0.36 0.87 0.34
mobilization(mo)
(<12, >12)
End of chemotherapy to 0.22 0.19 0.47 0.09
mobilization (mo)
(<8, >3)
G-CSF dose (lenograstim) 0.61 0.52 0.49 0.39
Previous radiotherapy
none versus any with 0.030 0.038

progenitor yield as
continuous variable

4.2.4 Proportion of patients achieving different collection thresholds

The proportion of patients achieving the minimum and optimal progenitor cell
yields with either one or two leucaphereses has been determined. In addition
the attainment of a minimum yield for CD34 purification has been assessed.
Six of the patients in this series had CD34+ cells purified on an immunoaffinity
stem cell concentration system. The median yields of CD34+ cells and GM-
CFC in the purified fraction were 40% and 60% respectively. These losses of
around 50% are in accord with our wider experience in a total of 116 CD34+
cell purification procedures discussed in Chapter 7. This implies that if a
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CD34+ cell dose of 2 x10°kg CD34+ cells (and by implication a GM-CFC dose
of 2 x10°kg) was required as discussed in Chapter 3 for direct progress to high
dose therapy then approximately 4 x10%kg CD34+ cells would be required for
stem cell purification. A pre-CD34+ cell selection harvest of 2 x10%/kg CD34+
cells could be considered but it would be important to ensure the minimal
CD34+ cells dose of 1 x10%kg resulted from purification and to await colony

assays before making the decision to proceed to high dose therapy.

In total 72/101 of patients ( 71%) harvested when the WBC first exceeded 5.0
x10%L (before day 11) had a single apheresis CD34 dose of at least 1 x10%kg.
All of these patients had GM-CFC >1 x10%kg and in 65 (90%) of cases they
also had above 2 x10°kg, this latter group satisfying both minimal progenitor
thresholds for progress to high dose therapy as discussed in Chapter 3.
Around half of the patients (53/101) had a CD34+ cell yield of at least 2 x10°/kg
at first apheresis and 49 of these also exceeded 2 x10°%kg GM-CFC. Only
28/101 patients exceeded the optimal threshold CD34+ cell threshold of 3.5
x10%kg (Figure 4.3).

Ninety-five patients in this study had one or more additional harvests after the
first day on which the WBC was 2 5.0 x10%L and two patients with a single
collection at this time exceeded the optimum CD34 and GM-CFC dose
thresholds. The impact of single and additional harvests on the attainment of
progenitor cell yields can therefore be assessed for 97 patients (Figure 4.3).
Overall the number of individuals who attained a CD34+ cell threshold of 2
x10%kg increased to 74/97(76%) with the addition of a second apheresis, and
the proportion attaining an optimal yield increased to 51/97(53%). It is notable
that if two consecutive harvests are pooled, the proportion of patients with
lymphoma with adequate cells to consider CD34+ cell purification feasible

increases from 53 to 75%.
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