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ABSTRACT

Non-Hodgkin's lymphoma (NHL) is among the leading indications for high-dose therapy
(HDT) supported by autologous stem cell transplantation (ASCT). A significant proportion
of NHL patients fail to mobilise a sufficient number of haematopoietic progenitor cells
(HPCs) to proceed to HDT. Organ toxicity is an inevitable consequense of HDT. Cardiac
toxicity is potentially the most threatening non-haematological side-effect of high-dose
cyclophosphamide, which is an essential part of many HDT regimens, like BEAC.
Furthermore, a large proportion of NHL patients experience progressive disease after
ASCT.

The purpose of this study was to identify factors predicting HPC mobilisation in adult
NHL patients. The toxicity and efficacy of BEAM and BEAC regimens were also
compared. Furthermore, cardiac toxicity of BEAC was assessed by magnetic resonance
imaging, radionuclide ventriculography and natriuretic peptide measurements. The factors
predicting treatment response and survival after progressive disease following ASCT were
identified.

Bone marrow infiltration and lower platelet count just prior to HPC mobilisation
predicted moblisation failure whereas the chemotherapy score was not useful in this regard.
BEAM regimen showed more toxic effects to gastrointestinal tract than BEAC. However,
there was no difference in efficacy between the two regimens. BEAC regimen resulted in
the very acute cardiac toxicity characterised by cardiac dilatation. Also subclinical,
transient left ventricular systolic dysfunction was observed. Natriuretic peptides seem to be
more sensitive than left ventricular ejection fraction in detecting this cardiac effect.
Furthermore, International Prognostic Index < 2, histology other than diffuse large B-cell
lymphoma, longer time from ASCT to progression and normal serum lactate
dehydrogenase at progression were factors predicting treatment response and survival in
patients with progressive disease after ASCT.

In conclusion, important factors predicting HPC mobilisation, toxicity of HDT and
prognostic factors for progressive disease after ASCT were found in this study. These
observations can be used clinically to improve this treatment option in patients with NHL.

National Library of Medicine Classification: QV 269, QZ 267, WH 525, WN 185

Medical Subjects Headings: adult; antineoplastic combined chemotherapy protocols;
cyclophosphamide; drug toxicity; heart/drug effects; lymphoma, non-Hodgkin/complications;
lymphoma, non-Hodgkin/therapy; magnetic resonance imaging; natriuretic peptides; prognostic
factors; radionuclide ventriculography; stem cell transplantation/methods; time factors;
transplantation, autologous; treatment outcome
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1. INTRODUCTION

Non-Hodgkin's lymphoma (NHL) is not a single disease, but rather a group of closely
related B- and T-cell malignancies affecting the lymphatic system and ranging from
predominantly indolent to highly aggressive lymphomas (Harris et al. 1999). NHLs vary
with respect to their molecular features, genetics, clinical presentation, treatment
approaches and outcome. Furthermore, therapeutic options are extremely varied with regard
to efficacy, toxicity and costs. The incidence of NHL is steadily increasing in the Western
World.

NHL is nowadays among the leading indications for high-dose therapy (HDT)
supported by autologous stem cell transplantation (ASCT) (Gratwohl et al. 2004). This
treatment modality was introduced in an attempt to intensify therapy and to improve cure
rates by overcoming dose-limiting myelosuppression. HDT supported by ASCT is currently
indicated for chemosensitive, relapsed aggressive NHL and as salvage therapy cures almost
50 % of these patients (Philip et al. 1995). This treatment also improves outcome in patients
with mantle cell lymphoma (Dreyling et al. 2005) and relapsed follicular lymphoma
(Schouten et al. 2003).

Successful ASCT requires the infusion of a sufficient number of haematopoietic
progenitor cells (HPCs) (Stiff et al. 1987, Weaver et al. 1997). Peripheral blood progenitor
cells (PBPCs) are accepted as the optimal stem cell source for patients undergoing ASCT
(Appelbaum et al. 1996, To et al. 1997, Gratwohl et al. 2004). However, under steady state
haematopoiesis the number of HPCs is low in peripheral blood and therefore HPCs are
collected by aphacresis procedure from blood after mobilisation. Classically granulocyte
colony-stimulating factor (G-CSF) has been used alone or in combination with
myelosuppressive chemotherapy for HPC mobilisation. Unfortunately a significant
proportion of NHL patients fail to mobilise a sufficient number of HPCs to proceed to
HDT.

Increasing dose intensity certainly has the potential to improve response and cure rates,

but this leads inevitably to increased toxicity. The most common toxic effects of HDT
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regimens and causes for transplant-related morbidity are myelosuppression, diarrhoea and
mucositis. The use of high-dose cyclophosphamide (CY) as part of HDT has been
considered to be the main cause of cardiac toxicity. However, the precise mechanisms of
high-dose CY related cardiac toxicity are unknown. This toxicity may present clinically as
arrhythmias, myopericarditis, and congestive hearth failure during or after HDT (Gottdiener
et al. 1981, Cazin et al. 1986, Kupari et al.1990a, Murdyck et al. 2001).

Relapse or progressive disease is the most common reason for treatment failure after
ASCT in NHL patients. Although the general impression is that the prognosis of patients
who progress after ASCT is poor, the individual prognosis may vary considerably (Vose et
al. 1992). Emerging data indicate that an increasing number of these patients can be
reinduced into remission. However, limited data are available on factors predicting
treatment response and outcome in this patient population.

This study was undertaken to examine different aspects of HDT supported by ASCT in
adult NHL patients: prediction of HPC mobilisation, toxicity of HDT with special reference
to cardiac toxicity and prognosis of NHL patients experiencing progressive disease after
ASCT. First of all, factors affecting HPC mobilisation in NHL patients mobilised with
intermediate-dose CY and G-CSF were evaluated. The interest was to create a
mathematical model to help in the prediction of mobilisation failure. Furthermore, the
toxicity of two commonly used HDT regimens, BEAC and BEAM was compared. Because
cardiac toxicity related to high-dose CY is a potentially fatal complication of HDT,
magnetic resonance imaging, radionuclide ventriculography and natriuretic peptide
measurements were prospectively used to assess cardiac effects of BEAC chemotherapy.
Finally, factors predicting treatment response and outcome among NHL patients
experiencing progressive disease after ASCT to optimise management in this clinically

challenging patient group were evaluated.
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2. REVIEW OF THE LITERATURE

2.1. Non-Hodgkin's lymphoma

NHLs are a heterogenous group of malignancies of the lymphoid system. They are
neoplasms that originate from precursors at various stage of lymphocyte development, most
often from B- or T-lymphocyte linecage and rarely from natural killer (NK)-cell lincage.
They exhibit distinct morphological, immunophenotypic, molecular and genetic features
allowing specific classification. In addition, clinical presentation, treatment approaches and
outcome vary markedly among different subtypes. Clinically NHLs are classified as
indolent (low-grade), intermediate and aggressive (high-grade) tumours (Harris et al. 1999).
The majority of new cases (50 %) are intermediate-grade lymphomas, followed by low-
grade (30-35 %) and high-grade (10 %) lymphomas.

Treatment of NHLSs is based on the evaluation of lymphoma subtype and risk factors. In
addition, precise staging of NHL is a prerequisite for the selection of a suitable therapeutic
regimen and influences the likelihood of its success. Further, the ultimate goal of the
therapy may differ according to the histological subtype. Despite many effective treatment
modalities disease relapse remains a problem in NHL patients.

The world-wide incidence of NHL rose from 1970s to the 1990s. Even though the
incidende did already level off, it has recently started to rise again. The number of new
cases registered in Finland is about 1000 per year. In 2003, NHL was in the sixth most

frequent cancer among men and seventh in women in our country.

2.1.1. Histological classification

For a decade or so, NHLs were classified according to the International Working
Formulation which was primarily based on morphologic appearance and, to a lesser extent,
clinical behaviour. The Revised European-American Lymphoma classification (REAL)
distinquished lymphomas not only by histology, but by immunophenotype, genetic and
clinical characteristics (Harris et al. 1994). This system was later modified and is nowadays

universally accepted as the World Health Organizisation (WHO) classification (Harris et
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al.1999) (Table 1). The most common forms of NHL are diffuse large B-cell lymphoma
(DLBCL), follicular lymphoma (FL), mantle cell lymphoma (MCL) and T-cell NHL (T-
NHL).

Table 1. The World Health Organization (WHO) classification of lymphoid neoplasms.

Classification Percentage of total cases
B —Cell Neoplasms 90 %
a) Precursor B-cell neoplasms
Precursor B lymphoblastic leukemia/lymphoma 1-2%
b) Mature (peripheral) B-cell neoplasms
Diffuse large B-cell lymphoma 31%
Mediastinal large B-cell lymphoma
Primary effusion lymphoma
Follicular lymphoma 22 %
Mantle cell lymphoma 6 %
Nodal marginal zone B-cell lymphoma 1.8%
Extranodal marginal zone B-cell lymphoma
of MALT type 7.6 %
Lymphoplasmacytic lymphoma 1.2%
Burkitt's lymphoma/leukemia 25%
B-cell chronic lymphocytic leukemia/
small lymphocytic lymphoma 6.7 %
B-cell prolymphocytic leukemia 1%
Hairy cell leukemia <1%
Plasma cell myeloma/plasmacytoma 35%
Splenic marginal zone B-cell lymphoma <1 %
¢) B-cell proliferation of uncertain malignant potential
Lymphomatoid granulomatosis <1 %

Posttransplantation lymphoproliferative disorder,
polymorphic <1 %
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T- and NK-cell neoplasms 10%
a) Precursor T-cell neoplasms
Precursor T-cell lymphoblastic leukemia/lymphoma 1.7%
b) Mature (peripheral) T-cell neoplasms 7.6 %
Anaplastic large-cell lymphoma, T/null cell/
primary cutaneus type 24%
Peripheral T-cell lymphoma, unspecified 34 %
Enteropathy-type T-cell lymphoma <1%
Angioimmunoblastic T-cell lymphoma 12%
Primary cutaneus anaplastic large cell lymphoma <1%
Mycosis fungoides /Sezary syndrome <1%
Adult T-cell lymphoma/leukemia <1 %
Hepatosplenic T-cell lymphoma <1%
Subcutaneus panniculitis-like T-cell lymphoma <1%
Extranodal T/NK-cell lymphoma, nasal type <1%
T-cell granular lymphocytic leukemia <1%
T-cell prolymphocytic leukemia <1 %
Aggressive NK-cell leukemia <1 %
¢) T-cell proliferation of uncertain malignant potential
Lymphomatoid papulosis <1%

Hodgkin’s lymphoma

Nodular lymphocyte —predominant Hodgkin’s lymphoma
Classical Hodgkin’s lymphoma
Nodular sclerosis Hodgkin’s lymphoma (grades 1 and 2)
Lymphocyte-rich classical Hodgkin’s lymphoma
Mixed cellularity Hodgkin’s lymphoma
Lymphocyte depletion Hodgkin’s lymphoma

2.1.2. Prognostic factors

The outcome of NHL patients is highly variable and the histology is the major determinant
of treatment outcome and prognosis. However, even within the same histological subtypes,
patients vary considerably with regard to outcome. The International Prognostic Index (IPI)
was developed using data from a large number of similarly treated patients with DLBCL (A
predictive model for aggressive non-Hodgkin’s Lymphoma 1993). Based on age,
performance status, serum lactate dehydrogenase (LDH), number of extranodal sites of
NHL involvement and Ann Arbor (AA)-stage (Table 2), patients could be separated into
prognostically distinct groups. These parameters measure the invasive potential and

atient's immune response to the lymphoma as well as their ability to tolerate treatment.
p P ymp y
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Subsequently this original 5-grade IPI was modified as an age-adjusted IPI (aalPI) and was
recommended for patients under 60 years of age (The non-Hodgkin’s Lymphoma
Classification Project 1997). Although IPI was initially proposed for aggressive NHL
histologies, a number of studies have suggested that it can also be used within indolent
histologies (Lopez-Guillermo et al. 1994). In addition, IPI has predictive value also in
patients with T-NHL (Lopez-Guillermo et al. 1998). More recently, a similar prognostic
model was developed for FL, referred to as the Follicular Lymphoma IPI (FLIPI) (Solal-
Celigny et al. 2004). In addition to lymphoma subtype and accurate staging of the disease,
the treatment of NHL is guided by the presence or absence of adverse prognostic factors.

Table 2. International Prognostic Index (IPI).

Factor Adverse prognosis
Age > 60 years

Ann Arbor stage Im-1v

Serum LDH above normal
Number of extranodal sites of involvement >2

Performance status according to WHO >2

Abbreviations: LDH, lactate dehydrogenase; WHO, World Health Organisation

At present, pending the completion of molecular response profile studies, the clinical
factors of the IPI are still used to identify patients at increased risk of standard treatment
failure for whom experimental therapy would be appropriate (Staudt et al. 2003). However,
just recently DNA microarray analyses that identify genes that are either overexpressed or
underexpressed by the malignant cells, have further distinquished patients into different risk
groups even within same NHL histologies (Alizadeh et al. 2000, Rosenwald et al. 2003,
Bea et al. 2005).
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2.2. Autologous stem cell transplantation

ASCT includes dose-escalated chemotherapy alone or in combination with total body
irradiation in order to overcome tumor resistance and to achieve long-term survival. After
HDT, HPCs collected from peripheral blood or bone marrow (BM), are infused to the
patient for haematopoietic rescue.

Initially ASCT was performed with the support of BM cells. ASCT was tested not only
in haematolocical malignancies but also in numerous solid tumours. In 1986 the first
successful ASCT by PBPC support was performed (Kessinger et al. 1986). Furthermore, in
the early 1990's, peripheral blood replaced BM as the preferred source of HPC support in
autologous setting because of more rapid engraftment of neutrophils and platelets and thus
lesser toxicity and reduced need for supportive care (Craig et al. 1993, Bensinger et al.
1995, Schmitz et al. 1996, To et al. 1997).

NHL patients with aggressive histology who fail to respond to their initial treatment will
eventually die of their disease unless a complete remission (CR) is achieved with salvage
therapy (Verdonck et al. 1992, Mounier et al. 1998). The randomised Parma-study
demonstrated a survival advantage for HDT over second-line conventional chemotherapy in
patients with relapsed, histologically aggressive NHL (Philip et al. 1995). This study has
been accepted as "proof of principle”. Since then, the last 10 years has been a remarkable
increase in the number of patients receiving HDT supported by ASCT. NHL is currently
the second most common indication for HDT supported by ASCT and according to
European Bone Marrow Transplantation registry data, 4023 patients received ASCT for
NHL in 2003 (Gratwohl et al. 2004). In 1990-2003, ASCT was performed for 542 adult
NHL patients in Finland (Jantunen et al. 2006).

2.2.1. Indications

In general, the prerequisite for ASCT has been a chemosensitive disease and no severe co-
morbidities. With recognition of the fact that the single most important prognostic factor for
outcome was remission status at the time of HDT, ASCT is no longer considered

appropriate for patients with progressive disease (Kewalramani et al. 2000, Vose et al.
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2001). In fact, patients with progressive, aggressive NHL subtype have response rates of
less than 15 % to any salvage therapy, and fewer than 5 % of them are likely to have a

favourable response to ASCT.

2.2.1.1. Diffuse large B-cell NHL

Although about 50 % of patients with DLBCL will be cured of their disease by initial
combination chemotherapy, standard-dose chemotherapy may salvage no more than 10 %
of patients with relapsed or refractory disease (Shipp et al. 1995, Mounier et al. 1998).
Several clinical trials have been published in an attempt to clarify the optimal timing and
define a risk-adapted strategy for maximal benefit of ASCT in DLBCL. The Parma-study,
which randomised NHL patients with relapsed, aggressive histology to either ASCT or to
conventional chemotherapy with DHAP (dexamethasone, cisplatin, cytarabine) plus
involved- field radiation, showed a benefit for patients treated in ASCT arm with better 5-
year event-free survival (EFS; 46 % vs. 12 %) and overall survival (OS; 53 % vs. 32 %)
over conventional chemotherapy (Philip et al. 1995). According to this randomised trial,
ASCT is indicated for salvage therapy for relapsed chemosensitive DLBCL.

Because of the poor outcome with standard chemotherapy in patients with intermediate-
high or high IPI with expected 5-year disease-free survival (DFS) of less than 30 %, there
has been great interest to use ASCT as a consolidation therapy in the first remission. One
randomised trial showed evidence that early ASCT is superior to standard chemotherapy in
terms of EFS, without significant OS advantage (Gianni et al. 1997). Thereafter several
randomised studies have failed to shown an advantage of early ASCT (Verdonck et al.
1995, Kluin-Nelemans et al. 2001, Gisselbrecht et al. 2002, Kaiser et al. 2002). Two
randomised trials have, however, shown the OS advantage in ASCT arm over conventional
chemotherapy (Haioun et al. 2000, Milpied et al. 2004). Thus, the role of ASCT as
consolidation therapy in first remission for patients with DLBCL remains undefined.
Moreover, in these studies the conventional chemotherapy-arm has not included
monoclonal antibody (rituximab), which has been shown to increase OS rates in DLBCL

(Coiffier et al. 2002).
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2.2.1.2. Follicular lymphoma

ASCT has been shown to be superior to standard chemotherapy in patients with relapsed
FL in terms of PFS and OS in a randomised trial (Schouten et al. 2003). In addition, several
retrospective evaluations have been conducted on this item concluding that prolonged
relapse free time can be achieced with ASCT (Freedman et al. 1996, Apostolidis et al.
2000).

Because advanced stage FL (AA > III) almost invariably relapses after initial therapy,
several studies have evaluated the use of ASCT as a consolidation therapy in the first
remission after conventional chemotherapy. A multicenter, prospective trial demonstrated
that ASCT could be routinely offered to young (< 60 y) poor-risk FL patients. The
projected DFS at 4-years was 85 % in this patient population (Ladetto et al. 2002). In fact,
there are only two published, randomised trials focusing to the use of ASCT as part of first-
line consolidation. The GOELAMS study showed that patients receiving ASCT compared
to those receiving chemotherapy plus interferon had higher response rates (69 % vs. 81 %)
and longer median EFS. This did not, however, translate into a better OS due to an excess
of secondary malignancies after ASCT. Thus, ASCT can not be considered as the standard
first-line treatment for FL patients younger than 60 y with high tumor burden (Deconinck et
al. 2005). In another randomised study myeloablative radiochemotherapy followed by
ASCT was compared to interferon maintenance. In patients who underwent ASCT, a 5-year
PFS rate was significantly higher (64.7 % vs. 33.3 %). Longer follow-up is necessary to
determine the effect of ASCT on OS (Lenz et al. 2004).

In about 30 %-50 % of patients with FL the disease eventually transforms to more
aggressive histological subtypes, intermediate or high-grade NHL. Two retrospective
studies indicate that ASCT is a viable treatment option in these patients (Foran et al. 1998,
Williams et al. 2001). In the latest retrospectice study on relapsed FL patients including
also patients with transformed disease, ASCT was superior according to OS compared to
conventional chemotherapy (Andreadis et al. 2005). No randomised trials are available in

this patient group.
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2.2.1.3. Mantle cell lymphoma

No curative therapy currently exists for advanced stage MCL and patients invariably
relapse after the initial therapy. In the first remission promising results have been shown
with ASCT (Andersen et al. 2003, Vandenberghe et al. 2003, Geisler et al. 2004). In the
prospective Milan study, monoclonal antibody was combined to HDT and this treatment
arm showed OS advantage over historical controls (Gianni et al. 2003). Just recently the
first randomised study has been published on this item. Early consolidation with ASCT in
first remission in advanced stage MCL significantly prolonged PFS compared to interferon
maintenance. Longer follow-up is needed to determine the effects on OS (Dreyling et al.

2005).

2.2.1.4. T-cell lymphoma

Despite aggressive therapy, the long-term prognosis of most T-NHL patients is
unfavourable (Gisselbrecht et al. 1998, Lopez-Guillermo et al. 1998). Several retrospective
analyses have documented the feasibility of ASCT with long-term survival rates similar to
transplanted B-NHL patients (Blystad et al. 2001, Rodriquez et al. 2001, Song et al. 2003,
Jantunen et al. 2004). The first prospective study of ASCT in patients with peripheral T-
NHL compared to historical controls demonstrated that ASCT is feasible and effective in
first-line consolidation even though survival benefit was not established (Reimer et al.

2004). At present no randomised trials of ASCT in T-NHL are available.

2.2.2. Mobilisation of haematopoietic progenitor cells

Stem cells are regarded as clonogeneic cells capable of self-renewal and multilineage
differentation. Progenitor cells are oligo-lineage cells that are already more restricted in
their differentation potential and not capable for self-renewal (Weissman et al. 2000). In
fact, the words stem cell and progenitor cell are often applied as synonyms in literature.
The expression of CD34-antigen is commonly used in clinical practise as a surrogate
marker for haematopoietic stem and progenitor cells (Seggewiss et al. 2003). The

percentage of CD34™ cells in peripheral blood is only about 0.06 % (Fruehauf et al. 1995).
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However, this number can be considerably increased by a variety of stimuli. The use of
PBPCs has led to reduced morbidity and mortality as well as shorter hospitalisation with
reduced resource utilisation compared to use of BM stem cells in transplantation procedure

(Schmitz et al. 1996, Glaspy et al. 1999, Vellenga et al. 2001).

2.2.2.1. Biology of HPC mobilisation

Some studies have challenged the dogma that all HPCs express CD34 antigen (Zanjani et
al. 1998, Petit et al. 2002). The latest finding has demonstrated that only one class of
murine stem cells exists, although in two functional states distinguishable by CD34
expression (Sato et al.1999, Lapidot and Petit 2002). According to this model, CD34" stem
cells are quiescent and can be activated by different stimuli to generate a CD34" cell
population with a high engraftment potential.

Expression of the G-CSF receptor on stem cells is not required for their mobilisation. G-
CSF or myelosuppressive therapy acts via secondary pathways, including the chemokine
stromal-derived factor-1 (SDF-1) and its receptor CXCR4 (Pelus et al. 2002). BM stromal
cells produce SDF-1, whose receptor is presented on CD34 cells (Aiuti et al. 1997). One of
the predominant stimuli for the trafficking of HPCs to and their retention within the
marrow occurs through the trophic influence of SDF-1 (Flomenberg et al. 2005). The SDF-
1 agonist CTCE0021 competes with stroma-bound SDF-1 for CXCR4 binding. In addition,
it has been demonstrated that the activation of the matrix metalloprotease-9 (MMP-9) is a
decisive checkpoint for the mobilisation of HPCs as it promotes the recruitment of these

cells into peripheral blood (Pelus et al. 2004).

2.2.2.2. Definitions of HPC mobilisation

Because the number of infused CD34" cells correlates with the rate of haematopoietic
reconstitution, the adequate amount of HPCs is a prerequisite for the feasibility of HDT.
The number of HPCs is quantified by the number of CD34" cells infused per kilogram of
body weight. The engraftment is measured by recovery of absolute neutrophil count > 0.5 x
10%/1 and platelet count > 20 x 10°/1 after ASCT (Weaver et al. 1997, Ketterer et al. 1998).
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Succesfull mobilisation. Studies have shown that > 2.0 x 10° CD34" cells /kg results in
reliable engraftment within 14 days after HPC infusion (Haas et al. 1994, Ketterer et al.
1998). In the majority of the patients the required cell dose can be collected with one or two
collections. Transplanting patients with HPC dose of > 5.0 x 10%kg CD34" cells lead to
neutrophil engraftment at 8-10 days after transplant and platelet recovery at 10-12 days
(Weaver et al. 1997).

Mobilisation failure. About 5-30 % of the patients with NHL are difficult to mobilise or
fail HPC mobilisation with current methods (Watts et al. 1997, Stiff et al. 1999, Sugrue et
al. 2000). Those patients who do not achieve the optimal dose HPC yield (> 2.0 x 10%kg
CD34" cells) in one to two aphaeresis to proceed to HDT are called poor mobilisers (Stiff et
al. 1999). Up to 30 % of patients do not engraft platelets if they receive only 1.0 x 10%kg
CD34" cells (Gandhi et al. 1999, Stockerl-Goldstein et al. 2000) while almost any dose of
CD34" cells > 1.0 x 10%/kg leads to rapid and consistent neutrophil engraftment (Ketterer et
al. 1998, Stiff et al. 1999). A general consensus exists that patients receiving < 2.0 x 106/kg
CD34" cells are at risk for delayed haematopoietic recovery after HDT (Weaver et al. 1995,
Moskowitz et al. 1998, Glaspy et al. 1999).

2.2.2.3. Factors affecting HPC mobilisation

Several factors have been shown to have negative impact to HPC mobilisation. Previous
stem cell toxic chemotherapy, high number of previous chemotherapy regimens and/or
cycles and long time from diagnosis to PBPC collection appear to be the most significant
predictors for poor mobilisation (Ketterer et al. 1998, Stiff et al. 1999). Combination of
fludarabine and CY has been found especially toxic to stem cells (Laszlo et al. 2000,
Tournilhac et al. 2004). Factors predicting poor HPC mobilisation in NHL patients are
presented in Table 3. All factors associated with poor mobilisation are not known since
some heavily pretreated patients or patients with marrow infiltration or fibrosis mobilise

well, whereas some healthy stem cell donors mobilise poorly (Roberts et al.1995).
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Table 3. Risk factors for poor HPC mobilisation in NHL patients.

J—

. Prior radiotherapy to BM-bearing sites (Haas et al. 1994, Bensinger et al. 1995)

2. Prior stem cell cytotoxic therapy: fludarabine, high-dose Ara-C, platinum compounds,
carmustine, nitrogen mustard (Drake et al. 1997, Ketterer et al. 1998, Laszlo et al. 2000,
Vantelon et al. 2000)

3. Number of prior chemotherapy cycles (> 6) (Bensinger et al. 1995, Seggewiss et al.
2003)

4. Number of prior chemotherapy regimens (> 2) (Ketterer et al.1998, Stiff et al. 1999,

Sugrue et al. 2000).

BM involvement (Bensinger et al. 1995, Perry et al. 1998)

Time from diagnosis to HPC collection > 12 months (Ketterer et al. 1998).

Exposure to any chemotherapy > 6 months (Ketterer et al. 1998)

Indolent NHL subtype (Perry et al. 1998)

S

Abbreviations: NHL, non-Hodgkin's lymphoma; BM, bone marrow; WBC, white blood cell; PBPC,
peripheral blood progenitor cell

Drake et al. (1997) proposed a chemotherapy scoring system for previous chemotherapy
predicting HPC mobilisation in patients with NHL, multiple myeloma or Hodgkin’s
disease. This scoring is presented in Table 4. Exposure to toxicity factor (TF) 4 drugs,
especially melphalan, has turned out to be a significant independent factor predicting poor
HPC mobilisation in patients with haematological malignancies (Kotasek et al. 1992,

Goldschmidt et al. 1997).

Table 4. The chemotherapy scoring by Drake et al. (1997).

Toxicity factor Drug

0 prednisolone, dexamethasone

1 vingristine, interferon-a, bleomycin, vinblastine

2 cyclophosphamide, anthracyclines, cisplatin, etoposide
3 chlorambucil, procarbazine

4 melphalan, carmustine, lomustine, mechlorethamine
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2.2.2.4. Mobilisation methods

Classical strategies for HPC mobilisation include administration of G-CSF or granulocyte-
macrophage colony-stimulating factor (GM-CSF) alone or in combination with
myelosuppressive chemotherapy (Demirer et al. 1996, Gazitt 2000).

Cytokine(s). In 1988, two haematopoietic cytokines, GM-CSF (molgramostim) and G-
CSF (filgrastim, lenograstim) showed their efficacy to mobilise HPCs to the blood stream
(Haas et al. 1990, Armitage et al. 1998). No difference in their mobilisation ability has been
found (Grigg et al. 1995, Demirer et al. 2002, Gazitt et al. 2002). The use of cytokines
alone for HPC mobilisation in autologous setting might be beneficial by avoiding the risks
of myelosuppressive chemotherapy.

Chemotherapy plus cytokine(s). This is currently the most commonly used mobilisation
method. Several studies have shown that myelosuppressive chemotherapy followed by a
cytokine yields higher numbers of autologous CD34" cells than cytokines alone (Demirer et
al. 1996, Russell et al. 1998, Narayanasami et al. 2001). Single-agent CY in variable doses
(1.5-7 g/m®) is a widely applied mobilisation regimen (Rowlings et al. 1992, Watts et al.
1997, Fitoussi et al. 2001, Pavone et al. 2002). Also chemotherapy given as part of disease-
spesific NHL therapy can be used for HPC mobilisation (McQuaker et al. 1999, Moskowitz
et al. 1999, Tarella et al. 1999, Aurlien et al. 2001). CY plus G-CSF has mobilised CD34"
cells more effectively than GM-CSF plus G-CSF (Koc et al. 2000). After chemotherapy,
the mobilisation yield is not dependent on the G-CSF or GM-CSF dose (Martin-Murea et
al. 1998).

2.2.2.5. Management of poor mobilisers

Remobilisation of HPCs. Remobilisation has included the use of chemotherapy plus
cytokine, or cytokines alone at standard or escalated doses (Stiff et al. 1999, Seggewiss et
al. 2003). If the cytokine is used alone in this setting, a dose escalation is recommended (G-
CSF > 10 pg/kg/day s.c.) (Kobbe et al. 1999, Stiff et al. 1999). Remobilisation with
cytokine alone might be the preferred method based on similar CD34" cell yields and
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shorter hospitalisation compared to mobilisation with cytokine plus chemotherapy (Weaver
et al. 1998, Glaspy et al. 1999, Watts et al. 2000).

BM harvesting. Poor mobilisers undergoing subsequently ASCT supported by BM cells
have shown delayed engraftment leading to increased treatment-related mortality (TRM)
and morbidity (Watts et al. 1998). In general, the data suggest a limited role for BM
harvesting to supplement an inadequate HPC mobilisation (Stiff et al. 1999). On the other
hand, one prospective trial has confirmed that G-CSF-mobilised BM progenitor cells
induces effective multilineage haematopoietic recovery after HDT and could be safely used
in patients with poor HPC mobilisation (Lemoli et al. 2003).

HPC mobilisation might be improved by molecules capable of interfering with the
mechanisms regulating haematopoietic stem cell tracking. These strategies have been used
for poor mobilisers but subsequently also in first-line mobilisation. Early- and late-acting
cytokines have been explored as HPC mobilisers, including erythropoietin (Kessinger et al.
1995), interleukin-6 (Pettengell et al. 1995) and FLT-3 ligand (Lebsack et al. 1997, Stiff et
al. 1999). An improved CD34" cell mobilisation might also be achieved by combinations of
cytokines such as interleukin-3 plus G-CSF (Orazi et al. 1992). Stem cell factor, a cytokine
that acts on primitive haematopoietic stem cells, as added to G-CSF may also provide a
more effective mobilisation than G-CSF alone (To et al. 2003, Dawson et al. 2005). Human
growth-hormone (GH) is a pleiotropic cytokine targeting a variety of nonhaematopoietic
and haematopoietic cells by binding to a specific receptor. Addition of GH to G-CSF
allows a sufficient HPC mobilisation (Carlo-Stella et al. 2004). More recently, a pegylated
G-CSF (pegfilgrastim) has become available. Emerging evidence suggest that pegfilgrastim
may be employed as a single dose s.c. injection in HPC mobilisation combined with
chemotherapy (Ng et al. 2005).

Chemokine-receptor agonists lead to a rapid and substantial HPC mobilisation. Both
SDF-1 and CXCR4 undergo degradation through the action of neutrophil derived proteases
released as a consequence of the neutrophil proliferation seen after G-CSF administration,
contributing to the HPC mobilisation produced by the drug (Lapidot et al. 2002). AMD-
3100 is a partial CXCR4 antagonist and reversibly inhibits SDF-1/CXCR4 binding (Devine
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et al. 2004). A prospective study revealed that AMD3100 was well tolereted and resulted in
rapid HPC mobilisation in NHL patients when administrated daily s.c. (Devine et al. 2004).
AMD3100 plus G-CSF has been effective and superior to G-CSF alone for HPC
mobilisation in adult NHL patients (Flomenberg et al. 2005). Several new compounds are

under development and will be shortly on phase I-II trials (Pelus et al. 2004).

2.2.3. Aphaeresis of haematopoietic progenitor cells

The goal of HPC collection is to receive an adequate number of CD34" cells with as few
aphaeresis procedures as possible. Therefore timing to start HPC aphaeresis is important
and several criteria have been recommended. A white blood cell (WBC) count or
mononuclear cell count obtained immediately prior to HPC collection showed only a weak
correlation with the number of CD34" cells aphaeresed (To et al. 1998). On the other hand,
a good correlation was found between the absolute numbers of blood CD34" cells and HPC
aphaeresis yield (Armitage et al. 1997, Remes et al. 1997). With peripheral blood CD34"
cell counts > 20 x 10%1, a single collection yield was > 2.0 x 10° CD34 cells/kg in 94 % of
patients (Krieger et al. 1999). In the majority of the patients the required minimal safe cell
dose (> 2.0 x 10%kg CD34" cells) to procede to ASCT can be collected in one or two
collections.

Vascular access for aphaeresis procedure requires a continuous blood flow of 60-
100 ml/min in adults. Whenever possible, it is better to use peripheral venous route to avoid
the complications associated with a central venous line cannulation. A stiff, dual lumen
catheter placed in a subclavian or internal jugular vein also provides adequate flow, but
catheter related complications like pneumo-and haemothorax, infections and thrombosis are
possible.

The number of HPCs collected with an aphaeresis depends on the concentration of
HPCs in the peripheral blood, the blood volume processed and the collection efficiency of
the instrument. Conventionally two to three blood volumes are processed or the procedure

is limited to a fixed period of time such as 4-6 hours.
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2.2.4. High-dose therapy

The most important issue in a case of HDT in autologous setting is to maximise antitumour
activity with acceptable toxicity (Mounier and Gisselbrecht 1998). The optimal HDT
regimen in NHL is not known since no randomised studies have addressed this issue. The
most commonly used HDT regimens are BEAM and CBV. BEAC, in which melphalan is
substituted by CY compared to BEAM, is also widely applied. In Table 5 the most
commonly applied HDT regimens in NHL patients are presented. In fact, there are several
BEAM variations, which differ from each other according to the dose of etoposide (VP-16),
carmustine (BCNU) or cytarabine (Ara-C). The dose of melphalan is most often 140 mg/m®
in NHL patients. Many centres favour melphalan-based HDT when prior HPC mobilisation
has been performed by CY-containing regimen. Furthermore, for BEAC the CY dose is
usually 6000 mg/m’. The administration of total-body irradiation (TBI) as a part of HDT in
ASCT is controversial, because some centres have reported improved outcome (Horing et
al. 1994) and others documented increased acute and long-term toxicity (Weaver et al.

1994).

Table 5. Commonly used HDT regimens in NHL patients.

Regimen Drugs and total doses

BEAM Carmustine  300-600 mg/m®, etoposide 400-1200 mg/m’,
cytarabine 800-1600 mg/m”, melphalan 100-140 mg/m”

CY/TBI Cyclophosphamide 120 mg/kg, TBI 12 Gy

CBV Cyclophosphamide ~ 6000-7000 mg/m?, carmustine 300-
600 mg/m’, etoposide 600-2400 mg/m*

BEAC Carmustine 300 mg/m’, etoposide 300-800 mg/m? cytarabine
800 mg/m’, cyclophosphamide 6000 mg/m>

BuCY Busulfan 16 mg/kg, cyclophosphamide 120 mg/kg

BuCYVP-16 Busulfan 14 mg/kg, cyclophosphamide 120 mg/kg, etoposide
60 mg/kg

CY/VP-16/TBI Cyclophosphamide 100 mg/kg, etoposide 60 mg/kg, TBI 12 Gy

Abbreviations: TBI, total-body irradiation; Gy, Gray
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Advances in supportive care and the use of PBPC support instead of BM cells have
significantly reduced early treatment-related mortality (TRM) over recent years (Ketterer et
al. 1999, Schmitz et al. 2004, Lyman et al. 2005). Even though the TRM of ASCT is
nowadays less than 5 % in NHL patients, the treatment is still associated with life-

threatening complications (van Besien et al. 1995, Jantunen et al. 2006).

2.2.4.1. Toxicity of high-dose therapy

The toxicity profile of ASCT is related to the HDT regimen applied (Mounier and
Gisselbrecht 1998, Salar et al. 2001). While haematopoioctic toxicity of HDT is no longer
dose-limiting, damage to other tissues has become a clinically important consequence.

Mpyelosuppression. Infectious complications are the most common cause of morbidity
and mortality in the peri-transplant period (Ketterer et al. 1999). The incidence and severity
of infections are related to the depth and duration of neutropenia. Gram-positive bacteremia
now accounts for 60-70 % of microbiologically documented infections, although the rate of
gram-negative infections has increased in some centres (Cullen et al. 2005). Randomised
trials have demonstrated that G-CSF accelerates the recovery of neutrophils and reduces the
duration of severe neutropenia after HDT (Schmitz et al. 2004, Valteau-Couanet et al.
2005). The administration of G-CSF after HDT significantly reduced the incidence of
microbiologically defined infections and duration of neutropenia and led to decreased use
of antibiotics and earlier discharge from hospital compared to patients treated without G-
CSF.

Mucositis. Mucositis is a common complication after HDT and is also related to the
depth and duration of neutropenia. Oral and gastrointestinal mucositis have been associated
with increased risk of infections, chemotherapy dose reductions and infection-related
deaths (Rapoport et al. 1999, Wardley et al. 2000). Keratinocyte growth factor (palifermin)
induces basal cell proliferation and differentation in the oral epithelium and might also
reduce the rate of cell loss (Farrell et al. 2002). It has been shown to reduce the duration
and severity of oral mucositis after ASCT (Spielberger et al. 2004). The dose-limiting

toxicity of melphalan in patients undergoing ASCT is severe mucositis (Samuels and Bitran
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1995, Moreau et al. 1999). There is evidence that the use of amifostine (AMI), an organic
thioposphate, may ameliorate certain regimen-related toxicities of high-dose melphalan in
ASCT setting. In a phase I study this drug was used to permit dose-escalation of high-dose
melphalan in BEAM regimen (Phillips et al. 2004). A retrospective study showed that AMI
reduced severe mucositis and need for analgesic therapy in ASCT recipients (Capelli et al.
2000).

Diarrhoea. Diarrhoea after HDT may be infectious, a consequence of broad-spectrum
antibiotics or most commonly, a direct toxic effect of cancer treatment. Severe diarrhoea
causes dehydration and risk for renal failure and thromboembolic events. Furthermore,
diarthoea combined with severe neutropenia commonly leads to gram-negative sepsis with
a high incidence of mortality (Ozer et al. 2003). Guidelines for management of treatment-
induced diarrhoea have been published (Benson et al. 2004). The main aims of treatment
should be to treat dehydration aggressively and to use antibiotics if symptoms persist or if
there is accompaning neutropenia.

Organ toxicity. Hepatic veno-occlusive disease (VOD) is a life-threatening but
relatively rare complication following ASCT. VOD is a clinical syndrome characterized by
painful hepatomegaly, jaundice, ascites, fluid retention, and weight gain. The incidence
varies depending on HDT regimen used. The mortality is high in severe cases but recovery
from VOD has also been seen in over 70 % of patients (Carreras et al. 1998, Lee et al.
1999). The treatment options are limited but heparin, ursodeoxycholic acid and human
tissue plasminogen activator have all been used (Simon et al. 2001, Ruutu et al. 2002).
Defibrotide has proven effective in patients with severe VOD (Richardson et al. 2002).

Lung toxicity is a relatively common problem following ASCT (Brockstein et al. 2000).
The causes of lung injury or interstitial pneumonitis may be infectious, chemical or
idiopathic. Interstitial pneumonitis occurs in about 5-10 % of the patients (Wingard et al.
1988), the etiology of which can often be difficult to discern. TBI-containing regimens
might increase the risk (Pecego et al. 1986).

Cardiac toxicity is potentially the most fatal non-haematological side-effect of HDT.

The use of high-dose CY as part of HDT has been considered to be the main cause for this
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toxicity (van Besien et al. 1995, Schrama et al. 2003). Cardiac toxicity related to high-dose
CY is discussed more detailed later (page 36).

Storage of HPCs after aphaeresis is required for ASCT. Dimethylsulphoxide (DMSO) is
a favoured agent for HPC cryopreservation protecting the cell from excessive
dehydratation. The acute toxic dose of DMSO for humans has not been determined and the
dose used varies a lot between different centres (Windrum et al. 2005). DMSO has a variety
of cardiovascular effects. A number of authors have noted cardiac arrest or high-degree
heart block occurring during or immediately after the infusion of cryopreserved HPCs
(Styler et al. 1992, Keung et al. 1994). In both reports, the median time of onset was about
3 h after the completion of stem cell infusion and the cardiac rhythm abnormalities resolved
spontanecously within 24h of infusion. On the other hand, there are several studies in which
no cardiac rthythm changes in association to DMSO have been documented.

Secondary malignancies. Malignant diseases occurring after ASCT are of particular
concern as an increasing number of NHL patients survive and remain free of their
lymphoma. Forrest et al. (2003) showed a cumulative risk developing a second malignancy
of 11 % at 15 years. It has become clear that 4-15 % of NHL patients will develope
secondary myelodysplasia or secondary acute leukemia after ASCT (Howe et al. 2003,
Ortega et al. 2005).

2.2.5. Progressive disease after ASCT
Although ASCT is a curative treatment in a significant percentage of NHL patients, disease
relapse remains the major cause of treatment failure (Johnsen et al. 1996, Vaishampayan et
al. 2002, Buchler et al. 2003). Surprisingly, only few formal studies are available on this
issue. In the available studies time from ASCT to relapse, and IPI have been shown to be of
prognostic significance (Kewalramani et al. 2003, Paltiel et al. 2003).

A large number of patients can be re-induced into durable CR and occasional patients
may be cured. However, treatment options in this setting are often limited because of

cumulative toxicities from prior chemotherapeutic agents and lack of haematopoietic



35

reserves (Buchler et al. 2003). In general, reinduction of remission is the most imminent

treatment goal. In many cases consolidation of remission is needed.

2.2.5.1. Reinducing remission

Salvage chemotherapy. The short-time objective of treatment for this entire patient group is
to choose an effective and appropriate salvage regimen. The prior chemotherapy has to be
taken into account and also NHL histology plays an important role. Cumulative
cardiotoxicity limits the use of anthracycline-based regimens and nephrotoxicity is the
concern in platinum-containing compounds.

Radiation therapy. NHLs are often radiosensitive and this treatment modality is
effective especially in indolent NHL. However, relapsed NHL is seldom localised, and with
rare exeptions, radiation can not be considered curative in this context.

Monoclonal antibody therapy with rituximab. Rituximab, an anti-CD20-monoclonal
antibody, was introduced into clinical practise at the end of 1990’s (Maloney et al. 1994,
McLaughlin et al. 1998). As a result of its efficacy and favourable toxicity profile, it has
rapidly become a component of standard induction therapy in CD20" B-cell NHLs (Coiffier
et al. 2002). However, experience using rituximab for salvage therapy in patients with
progressive disease after ASCT is limited. Prior exposure to rituximab is not a
contraindication for retreatment (Davis et al. 2000). Therefore, rituximab in combination
with other regimen should be considered as salvage therapy for patients relapsing after
ASCT because of acceptable toxicity profile (Pan et al. 2002).

Radioimmunotherapy. Since NHLs are inherently radiosensitive neoplasms, antibody-
targeted radiotherapy offers a new opportunity to NHL treatment (Witzig et al. 2003).
Radioimmunotherapy (RIT) uses a monoclonal antibody in addition to a radionuclide to
deliver radiation to the sites of disease. *Yttrium-ibritumomab tiuxetan and "“'I-
tositumomab are radio-labeled monoclonal anti-CD20 antibodies that have shown
significant activity in NHL. An advantage of their use includes the higher CR rates than can
be achieved with single-agent rituximab (Cheson et al. 2005). Disadvantages include the

associated myelosuppression and the inability to administer these drugs in patients who
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have extensive BM involvement. Limited data are available on the toxicity and efficacy of

RIT after ASCT.

2.2.5.2. Consolidation of remission
Patients achieving remission after salvage therapy might be considered for a second ASCT
or allogeneic stem cell transplantation.

Second ASCT. The reharvest of HPCs is not always possible because marrow reserves
may have been exhausted or because there might be overt BM involvement by lymphoma.
There are only few studies dealing with this matter and data suggest that for selected
patients a second ASCT offered an acceptable morbidity and mortality and might even be a
curative procedure (De Lima et al. 1997, Lenain et al. 2004).

Allogeneic stem cell transplantation. Allogeneic stem cell transplantation (SCT) has the
advantage of providing a tumour-free graft and potentially causing graft-versus-lymphoma
effect (GVL). The less myecloablative the conditioning regimen, the more discase
eradication is dependent on immunological mechanisms. The current data support the view
that GVL effect is strongest for indolent lymphomas and MCL, and limited for DLBCL
(Khouri et al. 1999, Maloney et al. 2003, van Besien et al. 2003). Nonmyeloablative or
reduced-intensity conditioning (RIC) allogeneic SCT has been studied as an optional
therapy for patients failing ASCT (Feinstein et al. 2003, Escalon et al. 2004). Furthermore,
current data suggest that durable remission can be obtained after RIC for patients failing
ASCT (Branson et al. 2002, Fung et al. 2003) and TRM appears to be lower than after
myeloablative allogeneic SCT (Freytes et al. 2004). NHL patients, who have HLA-identical
sibling donor, reach CR with salvage treatment and have good performance status, are the

best candidates for this treatment option (Goldstone et al. 2002, Freytes et al. 2004).

2.3. Cardiac toxicity of cyclophosphamide
CY is a broadly active antineoplastic and immunosuppressive agent. Like other cytotoxic
drugs in cancer therapy CY is frequently used in combination for NHL, multiple myeloma,

acute leukemias, neuroblastoma, Ewing's sarcoma, lung, breast, ovarian and endometrial
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cancer. Further, high-dose CY (i.e. > 5 g/m” administered in fractions or as a single dose) is
an essential part of many HDT regimens (Cazin et al. 1979, Gottdiener et al. 1981,
Hertenstein et al. 1994) (Table 5, page 31) and is also widely applied for HPC mobilisation
in combination with growth factors (Rowlings et al. 1992, Fitoussi et al. 2001, Pavone et al.

2002).

2.3.1. Biological action of cyclophosphamide

CY is a prodrug for one or more bifunctional alkylating agents. It requires metabolic
activation by cytochrome P450-related enzymes in the liver (Ayash et al. 1992). A number
of its metabolities have alkylating activity, but it is likely that the principle alkylating agent
is phosphoramide mustard (Colvin et al. 1981). This metabolite is responsible for the
therapeutic activity and most of the overall toxicity of CY. The effects of CY are related to
the total amount of metabolities produced rather than to their rate of production (McDonald
et al. 2003). Thus, cytotoxicity of CY may be directly modulated by inducing or inhibiting
microsomal enzyme activation (DeLeve et al. 1996).

CY acts on cells at any stage, but the effects are usually seen when the cell enters the S-
phase and progress through the cell cycle is blocked at the G, (premitotic) stage (Colvin et
al. 1981). Less than 20 % of CY dose appears unchanged in the urine, the remainder being
metabolized by the liver (Fraiser et al. 1991). Potentially life-threating side-effects of CY
are myelosuppression, cardiac and liver toxicity, carcinogenicity and pulmonary fibrosis. In

addition, severe or irreversible adverse reactions include cystitis and infertility.

2.3.2. Pathogenesis of cardiac toxicity

Although a wide variety of HDT regimens have been used in NHL patients, cardiac toxicity
has been associated mostly with high-dose CY containing regimens. The cellular
mechanisms of CY related cardiotoxicity are thought to be mediated by the increase in free
oxygen radicals and through intracellular phosphoramide mustard affecting endothelium
and ion transport mechanisms (Levine et al. 1993). Myocyte damage, interstitial

haemorrhage, fibrosis and myocardial oedema are the most common microscopic findings
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resulting from this toxic endothelial damage (Appelbaum et al. 1976, Gottdiener et al.
1981, Cazin et al. 1986, Kupari et al. 1990a, Murdych et al. 2001). In addition, it has been
proposed that endothelial damage with interstitial transudation leads to decreased cardiac
electrical activity in the majority of patients receiving high-dose CY (Gottdiener et al.
1981). Glutathione, repairing oxidized injury of cells, has been shown to protect cardiac
myocytes in the animal model of 4-hydroperoxy CY-induced damage (Levine et al. 1993).
Autopsy studies have also revealed increased heart weight and noticeable thickening of the

left ventricular wall (Appelbaum et al. 1976, Kupari et al. 1990a, Murdych et al. 2001).

2.3.3. Clinical manifestations of cardiac toxicity

Severe cardiac toxicity is an uncommon but potentially fatal side-effect of high-dose CY.
Cardiac complications have been documented in several series with an incidence ranging
from 0 % to 43 % (Gottdiener et al. 1981, Cazin et al. 1986, Kupari et al. 1990a,
Hertenstein et al. 1994, Murdych et al. 2001) and mortality from 2 % to 9 % (Cazin et
al.1986, Murdych et al. 2001). Many reasons account for this incidence variability,
particularly the co-administration of other chemotherapeutic agents, HDT regimens used
and patient sclection. In addition, there is evidence that single-agent high-dose CY
associated cardiac toxicity is dose- and schedule-dependent and is not related to the
cumulative drug dose (Goldberg et al. 1986).

High-dose CY associated cardiotoxicity occurs during or soon after the drug
administration, most often within 3 weeks (Gottdiener et al. 1981). In general this toxicity
may present as arrhythmias, pericardial effusion, myopericarditis or congestive heart failure
(CHF). CHF may manifest clinically as acute or subacute onset with pulmonary congestion,
weight gain, oliguria and cardiac dilatation. One study showed that those patients, who died
due to acute CHF, maintained nearly normal systolic function until the death in the
presence of profound unresponsive hypotension (Lee et al. 1996). Pericardial effusion may
be the only manifestation of cardiac toxicity (Kupari et al. 1990b, Braverman et al. 1991) or
a part of the clinical picture with cardiac tamponade (Gottdiener et al. 1981, Cazin et al.

1986). High-dose CY induced cardiotoxicity may last from one to six days and despite the
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relatively high mortality rate there are no long-term sequelaes or late cardiotoxicity in
patients who survive the initial acute event (Gottdiener et al. 1981). Although high-dose
CY related cardiac toxicity is usually reversible, in patients who develop progressive severe
CHF this complication may lead to death within a few weeks (Gottdiener et al. 1981,
Goldberg et al. 1986, Braverman et al. 1991).

Some cardiac events occurring in cancer patients may be related to other clinical
conditions (i.e. infections, electrolyte abnormalities, disturbed blood gases, vagal reflex and
sympatho-adrenergic drive) and therefore should not always be considered as high-dose CY

associated adverse effects.

2.3.4. Methods for monitoring cardiac toxicity

There are two major consensus guidelines for the monitoring of chemotherapy-induced
cardiotoxicity (Steinherz et al. 1992, Ritchie et al. 1995). The guidelines have proposed to
monitor left ventricular ejection fraction (LVEF) by radionuclide ventriculography (RVG)
or two-dimensional echocardiography (2D echo) during and shortly after chemotherapy.
These guidelines have focuced on anthracycline related cardiotoxicity while no spesific
data on high-dose CY have been presented. In addition, no randomised studies are available
comparing these two methods in evaluating cardiac dysfunction. In clinical practise patient
history, physical examination, X-ray and electrocardiography (ECG) are also very
important tools.

Subclinical cardiotoxicity is described as any alteration of functional or biochemical
values from baseline measured by different diagnostic techniques. Several studies have
reported subclinical cardiotoxicity in the form of asymptomatic left ventricular (LV)
dysfunction, accompanied by changes of electrocardiographic and echocardiographic
indices in the abcence of overt clinical symptoms or signs after high-dose CY. Thus,
subclinical cardiotoxicity is a common finding after high-dose CY (Kupari et al. 1990a,
Braverman et al. 1991, Hertenstein et al. 1994, Cardinale et al. 2002) and may last long
(Carlson et al. 1994, Pihkala et al. 1994).
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2.3.4.1. Electrocardiography

Resting ECG is widely applied to assess high-dose CY associated cardiac toxicity. ECG
abnormalities including non-spesific ST-T changes and benign atrial and ventricular
arrhythmias have been observed in about 25 % of patients during or immediately after high-
dose CY (Kupari et al. 1990a, Braverman et al. 1991, Murdych et al. 2001). Most often
these ECG changes occurred within 1 to 3 days after high-dose CY administration were
reversible and returned to baseline within few weeks.

ORS amplitude. Comparisons of the QRS voltages, measured as summations of the R-
and S-waves in the limb leads have been used to diagnose or predict cardiotoxicity. The
damage to the endothelium and interstitial transudation may result in decreased electrical
activity and decreased QRS complex (Gottdier et al. 1981). Among patients with significant
CHF, loss of QRS-voltages has been observed in at least 50 to 90 % of the cases treated
with high-dose CY (Murdych et al. 2001). However, the decrease in QRS-voltages is
generally a late phenomenon, is not always present, and may even coincide with the onset
of clinical cardiotoxicity (Cazin et al. 1986, Hertenstein et al. 1994). In addition, decrease
in the QRS-voltages has been observed in patients who have developed pleural or
pericardial effusion as a result of tumour progression without any chemotherapy related
cardiotoxicity (Gottdiener et al. 1981).

QT interval. QT interval prolongation associated with high-dose CY has been reported
by Kupari et al. (1990a). In this study one patient experienced ventricular tachyarrhythmias
in association with marked QT interval prolongation. Akahori et al. (2003) showed that
prolongation in corrected QT interval was more powerful predictor to CHF after high-dose
CY than 2D echo parameters. QT dispersion (difference between the maximum and
minimum QT-intervals on 12-lead ECG) reflects local or multifocal differences in the
repolarization of the myocardium (Day et al. 1990). Increased QT dispersion has been
shown in patients with long QT-syndrome, after myocardial infarction and in patients with
hypertrophic cardiomyopathy (Day et al. 1990, Buja et al.1993) and has been associated
with increased risk for ventricular tachyarrhythmias (Perkiomaki et al. 2002). In addition,

increased QT dispersion has been reported to predict acute heart failure following HDT,
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particularly high-dose CY containing regimens more effectively than 2D echo parameters
(Auner et al. 2002). Nakamae et al. (2000) reported that QT dispersion was an independent
predictor of CHF after high-dose CY.

Arrhythmias. Supraventricular arrhythmias and ventricular extrasystolia have been most
commonly observed related to high-dose CY (Kupari et al. 1990a, Ando et al. 2000).
Hidalgo et al. (2004) reported that especially among older NHL patients supraventricular
tachyarrhythmias may predict increased mortality and prolonged hospital stay. In addition,

Ando et al. (2000) described a transient complete atrioventricular block in four patients.

2.3.4.2. Heart rate variability

Heart rate variability (HRV), a marker of autonomic nervous regulation, has been shown to
be impaired in chronic states like after myocardial infarction and in patients with LV
dysfunction (Kleiger et al. 1987, Bigger et al. 1989, Hartikainen et al. 1996). In these
situations HRV has been shown to represent an independent marker of cardiac morbidity
and mortality (Fauchier et al. 1997). Postma et al. (1996) evaluated HRV in chemotherapy-
related cardiotoxicity. Significant impairement in HRV was found in children treated with
high-dose CY compared to healthy age-matched subjects. Even though HRV analysis
seems to be sensitive test for the detection of high-dose CY induced cardiotoxicity, further

studies are needed to clarify its specificity and predictive value.

2.3.4.3. Echocardiography

2D echo provides an accurate measurement of cardiac volumes and systolic function
independently of LV shape and regional wall motion disturbances. The most commonly
used echo indices of LV systolic function are LVEF and fractional shortening (FS) (Sahn et
al. 1978). Echo provides both qualitative and quantitative measures of systolic function. M-
mode echo allows measurement of ventricular internal dimensions and wall tickness
throughout the cardiac cycle (Otto 2002). The major advantage of M-mode echo is high
time resolution, which facilitates recognition of the endocardial borders. Both global and

regional ventricular function can be evaluated with 2D echo on a semiquantitative manner.
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Assessment of LV size, regional wall motion, and LVEF is readily obtained with 2D echo
and is commonly used to distinguish patients with systolic or diastolic cardiac dysfunction.
In addition to L'V function, end-systolic and end-diastolic volumes can be determined.

Myocardial diseases that result in diastolic dysfunction universally affect both
relaxation and chamber stiffness. They result in the need to recruit higher left atrial (LA)
pressure to maintain filling at rest or during exertion. An effective atrial contraction is not
only necessary to boost LV filling during exercise, but in patients with diastolic
dysfunction it becomes an essential compensatory mechanism to enhance LV filling and
maintain normal mean LA pressures (Otto 2002).

With the advent of Doppler echo, recording of the transmitral velocity from the apical
window using pulse-wave Doppler provides a simple non-invasive approach to the
evaluation of diastolic function. The early (E) transmitral velocity recorded at the tips of the
mitral valve and its deceleration time, the atrial (A) velocity, and the E/A ratio have
become popular indices of diastolic function. The E/A ratio is a normalised index that
reflects early diastolic filling relative to atrial contraction (Nishimura and Tajik 1997). The
transmitral velocity is also altered by increases in ventricular chamber stiffness and LA
pressure. Furthermore, isovolumic relaxation time is the time interval between the closure
of the aortic valve and the opening of the mitral valve (Quinones 2005). The transmitral and
pulmonal vein velocity are limited in the absence of sinus rhythm and can not be used to
assess diastolic function in the presence of mitral inflow obstructions. Because E velocity
reflects the interaction between active relaxation and LA pressure, correcting E for the
influence of relaxation, should provide an index of LA pressure. In addition, 2D echo
allows recognition of concentric LV hypertrophy or remodelling and assessment of LA
enlargement, an extremely frequent finding in diastolic heart failure (Otto 2002).

Interestingly, there are two new 2D echo techniques that allow the assessment of
myocardial relaxation: propagation velocity by color M-mode and myocardial or annular
velocities by tissue Doppler. These indices are less influenced by preload and they can

detect early abnormalities of myocardial function (Quinones 2005).
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There are several studies where cardiac systolic function during or after high-dose CY
has been evaluated by 2D echo. Impairement in LVEF has been a common finding mostly
without clinical symptoms (Kupari et al 1990b, Braverman et al 1991, Hertenstein et al.
1994, Murdych et al. 2001, Auner et al. 2002). In addition, 2D echo has revealed a dose-
dependent increase in LV mass index and a decrease in FS, resulting in acute reversible
decrease in systolic function in almost half of the patients treated with high-dose CY
(Kupari et al. 1990b, Braverman et al. 1991). Pericardial effusion has been observed by 2D
echo in almost 20 % of patients (Gottdiener et al. 1981, Ando et al. 2000).

Thus, there has been interest in measuring also diastolic parameters to assess cardiac
toxicity related to chemotherapy (Benvenuto et al. 2003). In fact, administration of high-
dose CY has shown to result in a significant but transient E/A ratio changes without
significant change in systolic function suggesting that reversible reduction of LV diastolic
compliance may represent the initial sign of cardiac dysfunction (Morandi et al. 2001,
Auner et al. 2002).

2.3.4.4. Radionuclide ventriculography
Several studies have assessed cardiac systolic function with serial LVEF measurements by
RVG during or shortly after high-dose CY (Bearman et al. 1990, Hertenstein et al. 1994,
Brockstein et al. 2000, Lehmann et al. 2000). These studies have reported a slight
impairement in LVEF without predictive value for the development of permanent cardiac
toxicity. However, LVEF estimation by stress RVG prior to ASCT has shown to have
predictive value for peritransplant mortality (Zangari et al. 1999). In this retrospective
study, there were several types of malignancies and HDT regimens. One prospective study
focused on late cardiac effects of high-dose CY and RVG was performed one, three and
five years after treatment. This study concluded that impaired LVEF was a common finding
also late after ASCT with only slight or minimal clinical relevance (Carlson et al. 1994).

In addition to measurement of LV systolic function (Wackers et al. 1979) RVG provides
the possibility to assess cardiac diastolic function by calculating the peak slope of cardiac

filling curve, termed the peak filling rate (PFR) or time to peak filling (TTPF) (Lenihan et
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al. 1997). Peak filling occurs during the early active relaxation phase of diastole. TTPF is a
measure of this relaxation phase. Although these indices represent a noninvasive
assessment of diastolic function, they do not provide any estimate of filling pressure or LV
stiffness, and are limited by their sensitivity to loading conditions. Reductions in PFR have
been observed in hypertensive patients with LV hypertrophy and in patients with significant
coronary artery discase (Bonow ct al. 1981). Miller et al. (1986) showed that TTPF varies
slightly with heart rate (HR) and does not significantly correlate with age, but that PFR
showed significant correlation with both of these measures. However, there is no consensus
as to which of these indices should be preferred.

Niwa et al. (2001) showed significant PFR decrease and TTPF prolongation during and
shortly after high-dose CY. In another study stress RVG was performed with almost
identical findings concluding that impaired diastolic function might provide evidence of
cardiotoxicity after high-dose CY (Lele et al. 1996). However, neither study offered any
long-term follow-up. Stress RVG study is, however, laborious and not feasible for all

patients and therefore seldomly used in clinical practise.

2.3.4.5. Positron emission tomography

Positron emission tomography (PET) is a nuclear imaging technique which is capable of
assessing the perfusion and metabolic activity of the myocardium (Ritchie et al. 1995). PET
has been shown to effectively distinguish between idiopathic and ischemic cardiomyopathy
(Brunken and Schelbert 1989). Gardner et al. (1993a) used PET predicting cardiac toxicity
related to high-dose CY. However, in this small study PET possessed no predictive value.

2.3.4.6. Magnetic resonance imaging

Rapid progress has been made in the field of magnetic resonance imaging (MRI) over the
past decade. MRI is non-invasive and easy to perform, has high spatial resolution, and
avoids the use of potentially nephrotoxic contrast agents or radiation. MRI is based on a
tomographic technique that aquires images in virtually any orientation. These images are

derived from signals produced by protons. The proton behaves like a small magnet when
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placed in a magnetic field and will align parallel and antiparallel to the direction of the
primary field, with a small excess of parallel protons that give raise to a net magnetisation
vector. Furthermore, this vector can be altered by application of a temporary
radiofrequency pulse. A pulse sequence consists of series of radiofrequency pulses with
varing duration or strength. Basic pulse sequences used in MRI are spin-echo and gradient-
echo sequences, or their faster hybrids. Spin-echo sequences are used for assessment of
morphology and the later for ventricular function, wall motions, great vessels and valvular
lesions (Salton et al. 2002).

MRI has been established as a reliable and reproducible technique for the assessment of
cardiac structure, function and perfusion (Constantine et al. 2004). In addition, MRI is a
precise method for measurement of right ventricular and LV systolic and diastolic functions
and mass (Bellenger et al. 2000). Quantification of L'V volumes and function is possible to
perform with geometric models like the modified Simpson’s rule or with a three-
dimensional (3D) data set. There are no studies using MRI to assess high-dose CY related

cardiac toxicity.

2.3.4.7. Cardiac biomarkers

Extensive and expensive monitoring programs are recommended to identify patients
developing cardiac toxicity related to chemotherapy (Ritchie et al. 1995). Echo has shown
rather poor predictive value in studies dealing with anthracycline cardiotoxicity (Lipshultz
et al. 1993). In recent years the use of biochemical markers in addition to imaging methods
has been studied in association to high-dose CY.

Troponins. Cardiac troponins (cTnT, c¢Tnl) are spesific biochemical markers of
myocardial damage which are not normally present in serum or plasma. These thin-filament
contractile proteins are present in high concentrations in the myocardium and are released
into the circulation after myocyte injury. Both troponins are released within 4-12 h
following an episode of myocardial necrosis with a peak value 12 to 48 h after the injury

(Adams et al 1993, Penttild et al. 1999).
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Cardinale et al. (2000) reported a study, in which plasma cTnl levels and LVEF was
assessed in patients receiving high-dose CY. Patients with increased ¢Tnl had a greater
impairment in LVEF. In another study the same investigators divided patients into different
risk groups for cardiac toxicity according to elevations in ¢Tnl soon after the high-dose CY
(Cardinale et al. 2004). According to two other studies on single-agent high-dose CY, serial
plasma measurements of c¢Tnl and ¢TnT were uniformly negative (Morandi et al. 2001,
Auner et al. 2002). Despite these conflicting data, the lack of troponin elevation following
high-dose CY might suggest the absence of direct membrane damage of myocytes.

Natriuretic peptides. The prohormones of A- and B-type natriuretic peptides are
produced by cardiac myocytes and cleaved on secretion into biologically active peptides
(ANP and BNP) and their N-terminal counterparts (NT-proANP and NT-proBNP).
Elevated levels of natriuretic peptides are associated with increased atrial wall stretch (due
to volume expansion and pressure over load) or ventricular wall stretch (due to reduced
ventricular systolic and diastolic function) (Ruskoaho 2003). It has been suggested, though,
that the primary stimulus for ANP and BNP secretion is exerted by atrial distension. These
cardiac hormones protect the heart from adverse consequences of overload by increasing
natriuresis and diuresis, relaxing vascular smooth muscle, inhibiting the renin-angiotensin-
aldosterone system, and by counteracting cardiac hypertrophy and fibrosis. Because
natriuretic peptides are regulators of salt and fluid homecostasis, they are therefore
indicators of cardiac homeostatic response and dysfunction (Magga et al. 1998). ANP is
also supposed to be an endogenous regulator of the inflammatory response (Vollmar 2005).

In patients with CHF natriuretic peptide values are eclevated, because the cardiac
hormonal system is activated by increased wall stretch due to volume and pressure
overload. In addition, these patients have elevated circulating tissue levels of
norepinephrine, angiotensin II and endothelin-1. These are all cytokines that can not only
increase the hemodynamic stress on the ventricle, but also directly stimulate ANP
expression and release from cardiac myocytes. In patients with severe CHF, the
concentrations of BNP increase 10-50-fold higher than ANP (Pandey 2005). These findings
indicate that ANP and BNP elicit distinct physiological and pathophysiological effects.



47

Although the plasma concentrations of BNP are significantly increased in heart failure, they
are insufficient to produce the biological effects of natriuretic peptides, suggesting that
severe heart failure is a state of relative deficiency of natriuretic peptides (Chen and Burnett
2000). Recently it has been also reported that natriuretic peptides predict short-term
mortality in patients with chronic CHF (Stanton et al. 2005).

NT-proBNP has been proposed as a tool for detecting asymptomatic LV dysfunction
(Maisel et al. 2001). On the other hand, NT-proANP has also been able to differentiate
between asymptomatic heart failure patients and healthy subjects (Lerman et al. 1993).
Both NT-proANP and NT-proBNP values have been higher in patients with diastolic
dysfunction and preserved systolic function compared to healthy subjects (Krishnaswamy
et al. 2001).

Patients with septic shock show reversible LV systolic dysfunction commonly masked
by a concomitant elevation in the cardiac index. Cytokines and endotoxins from Gram-
negative micro-organisms may lead to myocardial depression and ventricular dilatation
(Parillo 1993). The cardiovascular response to septic shock is peripheral vasodilatation
resulting in systemic hypotension, hyporesponsiveness to vasopressors and reduced
systemic vascular resistance. Furthermore, NT-proANP and NT-proBNP may serve as
useful biomarkers to indicate myocardial dysfunction and may help to differentiate between
survivors and non-survivors of severe sepsis (Brueckmann et al. 2005).

Natriuretic peptide measurements have been used to monitor cardiotoxicity after HDT.
Until now three studies have been published in association to high-dose CY containing
therapy. In the study by Snowden et al. (2000) patients who developed clinical heart failure
exhibited slightly elevated BNP levels in serial measurements before the onset of
symptoms. Niwa et al. (2001) reported an elevation on natriuretic peptides very shortly
after ASCT (day +1 and +14), but neither peak was predictive of cardiac toxicity. In the
most recent study persistently increased NT-proBNP just after high-dose CY was strongly
asssociated with development of subclinical cardiac dysfunction (Sandri et al. 2005).

Additional factors that can affect natriuretic peptide values are presented in Table 6.

BNP is increased in late stage of renal failure, which is in part related to the decreased renal
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clearance and accompaning increased intravascular volume (Bettencourt 2005).
Furthermore, BNP is increased in early course of acute myocardial infarction due to
systolic dysfunction, impairment of ventricular relaxation and stunning of the myocardium.
A second peak of BNP measured 2-4 days after myocardial infarction is associated with
remodelling of the heart (Sagnella 1998). Myocardial ischemia can elicit the release of BNP
in the absence of necrosis. The association with female gender and BNP appears to be
related to estrogen status (Redfield et al. 2002). Furthermore, BNP increases also with age,
presumably as a result of LV stiffness and progressive deterioration of renal function.
Because adrenergic stimulation inhibits the release of BNP, initiation of f-blockers might
slightly increase natriuretic peptide concentrations (Bettencourt 2005).

Diuretics, vasodilatators, ACE-inhibitors, spironolactone and angiotensin II receptor
antagonists lead to decreased BNP values (Sagnella 1998). The observation of lower BNP
concentrations in obese people remains unexplained. Furthermore, age, gender and assay-

spesific values are needed.

Table 6. Factors that might increase or decrease natriuretic peptide values (Ruskoaho 2003,
Bettencourt 2005).

Increase Decrease

Age Obesity

Female gender Cardiovascular medication
Renal failure ACE-inhibitors
Myocardial infarction Diuretics
Acute coronary syndrome B-blockers
Lung disease with right-sided failure Spironolactone
Acute, large pulmonary embolism

Tachycardia

Valvular discases

Ventricular hypertrophy

Cardiomyopathy

Glucocorticoid use

Abbreviations: ACE, angiotensin-converting enzyme
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2.3.5. Risk factors and prevention of cardiac toxicity

Some authors have concluded that older age represents a risk factor for the development of
cardiovascular complications after ASCT (Brockstein et al. 2000) but limited data are
available on this issue. TBI as part of HDT does not seem to increase the risk for cardiac
toxicity (Carlson et al. 1994, Auner et al. 2002). Futhermore, prior radiation therapy to the
mediastinum or left chest wall seems to represent a risk factor (Ikdheimo et al. 1985,
Adams et al. 2003). In overweight patients the high-dose CY dosage adjustment is

important to prevent cardiac toxicity (Morandi et al. 2001).

2.3.5.1. Administration and dosage of high-dose CY

It has been suggested that cardiac toxicity can be avoided if high-dose CY is administrated
at a dose/m” rather than per kilogram (Goldberg et al. 1986). In recent years, the percentage
of patients receiving single-agent high-dose CY up to 7 g/m® experiencing cardiotoxicity
has diminished with the adoption of multifractioned schedule of administration (Hertenstein

et al. 1994, Morandi et al. 2005).

2.3.5.2. Concomitant administration of other chemotherapeutic agents

Several widely employed combinations of high-dose CY have not been associated with an
increased risk of cardiotoxicity over single-agent high-dose CY (Petros et al. 2002).
Pericarditis and arrhythmias have been raported after high-dose cytarabine (1-3 g/m®)
(Vaickus and Letendre 1984). When high-dose CY and cytarabine were coadministered the
highest incidence of cardiac toxicity was reported (Appelbaum et al. 1976, Gottdiener et al.
1981, Cazin et al. 1986). Significant cardiotoxicity has been reported using high-dose
mitoxantrone with high-dose CY. In that study four out of six patients without pre-existing
cardiac disease experienced severe cardiac toxicity and two cardiac deaths were reported
(Gralow et al. 2001). Even though high-dose melphalan has rarely been associated with
cardiac dysfunction (Spriano et al. 1994), there are two reports in which this drug was used
in high-doses as a combination with 2-14 % incidence of cardiac toxicity (Giralt et al.

2001). Melphalan is, however, seldom used in combination with high-dose CY.
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2.3.5.3. Previous anthracycline therapy

The assumption that the incidence of chronic cardiomyopathy related to anthracyclines can
be minimised by restricted the cumulative anthracycline dose to 400 mg/m” has been
challenged (Meinardi et al. 2002). Sakata-Yanimoto et al. (2004) showed that cumulative
anthracycline dose was a predictor of cardiac complications and they recommended
avoiding anthracyclines within two months before ASCT. However, some studies have not
confirmed a relationship between previous anthracycline exposure and development of
cardiac toxicity following high-dose CY (Cazin et al. 1986, Braverman et al. 1991,
Morandi et al. 2001, Fujimaki et al. 2001).

High-dose CY associated cardiac damage was the most frequent in pediatric patients
receiving CY > 5 g/m” or in those receiving CY > 2 g/m* who had also received
> 100 mg/m” anthracyclines prior to transplant (Steinherz et al. 1981). Also patients treated
with a cumulative anthracycline dose below 400 mg/m* may experience subclinical or even
clinical toxicity during or many years after therapy (Kremer et al. 2002). Therefore, there is

no safe anthracycline cumulative dose prior to high-dose CY that could be recommended.

2.3.5.4. Cardiac systolic function prior to ASCT

Preserved cardiac function is generally required for the enrollment of patients into HDT
protocols. This is defined as LVEF > 50 % and absence of other significant cardiac disease.
However, measurement of LVEF before HDT is of limited practical value and has been
shown to be unable to predict future cardiac toxicity (Zangari et al. 1999, Brockstein et al.
2000, Lehmann et al. 2000). One study reported that increased risk of milder cardiac events
rather than increased mortality due to severe cardiac toxicity was found among patients
with impaired baseline LVEF. In fact, two thirds of major cardiac events occured in
patients with normal LVEF (Hertenstein et al. 1994). On the other hand, there are studies
showing increased incidence of severe cardiac complications in patients with low LVEF
prior to ASCT (Bearman et al. 1990, Braverman et al. 1991, Fujimaki et al. 2001). Overall,
resting LVEF measurement in every patient proceeding to HDT is not recommended

(Bearman et al. 1990, Hertenstein et al. 1994).
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Since the predictive value of cardiologic evaluation is limited, exclusion of patients
from HDT protocols based on slightly impaired cardiac function should be reconsidered
(Hertenstein et al. 1994, Rose et al. 2000). A detailed patient history, physical examination,
chest X-ray and ECG are important tools for detecting candidates at high risk for cardiac
complications (Bearman et al. 1990, Murdych et al. 2001). Cardiac function evaluation is
recommended prior to HDT for patients with history, symptoms or signs of cardiac disease,

history of prolonged anthracycline exposure or prior mediastinal radiotherapy.

2.3.6. Management of cardiac toxicity

Treatment of high-dose CY associated clinical heart failure does not differ from the general
approach in patients with heart failure. Diuretics and angiotensin-converting enzyme (ACE)
inhibitors in case of impaired LV function should be considered according to established
quidelines (Swedberg et al. 2005). Digoxin therapy might also be considered if heart failure
persists. Particularly in patients with acute heart failure sustained or recurrent cardiac
arrhythmias should be treated with appropriate antiarrhythmics. ACE-inhibitor (enalapril)
has been started in profylactic treatment prior to HDT to prevent deterioration of pre-
existing subclinical LV dysfunction (Kakavas et al. 1995). In this small study including
only six patients, LVEF improved during HDT. There is need for non-invasive and cost-
effective approaches to identify cardiac toxicity of HDT already at the preclinical stage.
This would allow clinicians to more closely monitor cardiovascular function, to prevent

cardiac function impairment and to start treatment in early phase.
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3. AIMS OF THE STUDY

In this study, several aspects of high-dose therapy supported by autologous stem cell

transplantation in NHL patients were studied. The specific aims were:

To identify pre-and postmobilisation factors predicting failure in

haematopoietic progenitor cell mobilisation (Study I)

To evaluate the value of chemotherapy scoring to predict haematopoietic

progenitor cell mobilisation (Study 1T)

To compare the toxicity and efficacy of BEAC and BEAM regimens
(Study IIT)

To assess the very acute cardiac effects of BEAC regimen (Study IV)

To investigate cardiac cffects within three months after BEAC regimen
(Study V)

To identify prognostic factors for treatment response and survival in patients

with progressive disease after ASCT (Study VI)
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4. PATIENTS AND METHODS

4.1. Patients and chemotherapy

4.1.1. Prediction of haematopoietic progenitor cell mobilisation (Studies I-II)
Altogether 97 (Study 1) and 120 (Study II) adult NHL patients underwent HPC mobilisation
with intermediate-dose CY 4 g/m* followed by G-CSF and progenitor cell aphaeresis. In
Study I, 59 patients were males and 38 females, with a median age of 49 years (16-70).
DLBCL was the most common histology (50 patients, 52 %). BM involvement was found
in 17 patients (18 %). The median time from dignosis to HPC mobilisation was 7 months
(3-120).

In study II, 70 patients (61 %) were males and 50 (39 %) were females. The median age
was 49 years (16-70) and 62 patients (52 %) had DLBCL. The median number of prior
chemotherapy regimens was 2 (1-5) and prior chemotherapy cycles 8 (3-29).

CY 4 g/m®* was infused during 90 minutes. Mesna (sodium-2-mercapto-ethane
sulphonate) 1600 mg/m’ was given intravenously 30 minutes before starting the CY
infusion and 3 and 6 hours after the CY infusion. Furthermore, G-CSF was started 48 hours
after the CY infusion. G-CSF was continued until the end of aphaeresis or until failure of

HPC mobilisation was evident.

4.1.2. Toxicity and efficacy of BEAC and BEAM regimens (Study IIT)

Altogether 71 NHL patients receiving HDT supported by ASCT were analysed. The patients
had either relapsed NHL or were treated with HDT in first remission based on initial poor-risk
features (IPI) or failure to achieve remission with standard chemotherapy. The HDT regimens
applied were BEAC (N=36) or BEAM (N=35). During the study period, two variants of
BEAM were used.

BEAC consisted of BCNU 300 mg/m’, etoposide 800 mg/m’ cytosine arabinoside
800 mg/m” and CY 140 mg/kg. BEAM1 (N=11) included BCNU 300 mg/m’, etoposide
800 mg/m’, cytosine arabinoside 800 mg/m” and melphalan 140 mg/m”. BEAM2 regimen
(N=24) consisted of BCNU 300 mg/m® etoposide 1200 mg/m® cytosine arabinoside
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1600 mg/m* and melphalan 140 mg/m®. Prophylaxis against Preumocystis carinii consisted of
cotrimoxazole for four months. In addition, mouth care was recommended to perform with
miconatsole 2 % oral gel twice a day. No other prophylactic measures were applied. All
patients received G-CSF Spg/kg/d s.c. after the progenitor cell infusion until neutrophils were
>1.0x 101

In BEAC group, the median age was 46 years (27-66) and male dominance was observed
(23 patients, 66 %). Moreover, 15 patients (42 %) had DLBCL and the median IPI was 2 (0-
4). In BEAM group, the median age was 48.5 years (16-70) and 20 of patients (70 %) were
males. Altogether 18 patients (50 %) had DLBCL and median IPI was 2 (0-4).

4.1.3. Cardiac effects of BEAC regimen (Studies IV-V)

In study IV, seventeen adult NHL patients with a median age 56 years (25-66) who were
scheduled to receive HDT, were studied. These patients also participated Study V
simultaneously. Altogether 15 patients (88 %) were males and DLBCL was the most
frequent histology (eight patients, 47 %). Three patients had pre-existing cardiovascular
disease (WHO class II hypertension without left ventricular hypertrophy). They were
treated with angiotensin-converting enzyme inhibitors or calcium channel blockers, but no
diuretics or p-blockers were used. One patient had type 2 diabetes mellitus without
complications. All patients had earlier received anthracyclines with a median cumulative
dose of 400 mg/m” (150-500). Mediastinal radiotherapy had been previously administrated
to one patient.

In study V, 30 adult NHL patients scheduled to receive BEAC supported by ASCT,
were studied. The median age of the patients was 56 years (25-66). Twenty-four were
males (80 %) and DLBCL was the most common histology (18 patients, 60 %). All patients
had received anthracyclines with a median cumulative dose 400 mg/m® (150-650).
Furthermore, two patients suffered from type 2 diabetes mellitus without complications.
Altogether nine patients (30 %) had pre-existing cardiovascular disease: WHO class 11
hypertension in seven patients and Canadian Cardiovascular Society class 1 coronary heart

disease with previous myocardial infarction in two patients. These patients were treated
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with angiotensin-converting enzyme inhibitors (N=5), calcium channel blockers (N=2),
thiazide diuretics (N=2) and B-blockers (N=2).

In studies IV and V, HPC mobilisation was performed with CY 4g/m* + G-CSF in all
patients without cardiac complications. BEAC chemotherapy was administrated in doses
(carmustine 300 mg/m® d-7, sytarabine 200 mg/m’/d, etoposide 200 mg/m%d and
cyclophosphamide 1500 mg /m*/d plus Mesna 600 mg/m*/d from d-6 to d-3) via central
venous catheter followed by stem cell infusion on day=0 (D0). Cyclophosphamide was
given as a 1 h infusion during four days with a total dose of 6000 mg/m’ and
hyperhydration (> 4 liters/day) was used during BEAC. Furthermore, none of the patients
received mediastinal radiotherapy or further chemotherapy within three months after
ASCT.

Between d-7 and DO, none of the patients developed fever or infections. During the
study cardiac failure was diagnosed based on clinical symptoms (fluid retention, dyspnoea,
ortopnoea) and findings (peripheral oedema, increased jugular venous pressure, sinus
tachycardia) and supported by chest X-ray findings. In addition, after d+2 all patients
experienced neutropenic fever (Study V). The concentration of DMSO was 10 % in

aphaeresis product.

4.1.4. Progressive disease after ASCT (Study VI)

Altogether 353 adult NHL patients received HDT supported by ASCT 1991-2000 in six
Finnish transplant centres. Until April 2001 progressive disease was observed in 115
patients (33 %). These patients were included in the study. Seventy six patients (66 %)
were males and the median age was 49 years (16-70) at the time of HDT. The histology
included DLBCL in 52 patients (45 %), FL in 26 patients (23 %), MCL in 15 patients
(13 %) and T-NHL in 16 patients (14 %). Over half of the patients (53 %) had received
HDT as second-line salvage therapy.
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4.2. Methods

4.2.1. Factors predicting haematopoietic progenitor cell mobilisation (Studies I-1T)

All patient records including pathological, radiological and laboratory data were evaluated
by a single observer. Premobilisation factors including age, gender, lymphoma subtype,
AA-stage, time from diagnosis to mobilisation, previous chemotherapy and BM
involvement were noticed. In addition, several postmobilisation factors including
neutropaenic fever, need for supportive care, blood count nadirs and peak blood CD34" (B-
CD34") counts were taken into account for each patient. The day of CY infusion was
defined as DO.

Aphaeresis was started routinely if the morning B-CD34" count was > 20 x 10%1.
However, aphaeresis was begun in 30 patients (31 %) with B-CD34" cell counts between 5-
20 x 10%1 with raising WBC counts. The aim was to collect > 2 x 10%kg CD34" cells
(> 5x 10%kg if CD34" sclection was intended). The minimum criterion for successful
mobilisation was the collection of at least 1.5 x 10%kg CD34" cells after a single
mobilisation. All other outcomes were regarded as mobilisation failures (Study I).

The criterion used for excellent mobilisation was the collection of > 5 x 10%kg CD34"
cells after a single mobilisation or > 2 x 10%kg with a single apheresis. The mobilisation was
regarded as sufficient when at least 1.5 x 10%kg CD34" cells were collected following a single
mobilisation, but not fulfilling the criteria for excellent mobilisation. The mobilisation failure
was defined as no apheresis performed due to low B-CD34" counts or collection of
< 1.5 x 10%kg CD34" cells after a single mobilisation attempt (Study II).

To study the quality and quantity of previous chemotherapy on the efficiency of HPC
mobilisation, the original scoring system by Drake et al. (1997) was used. Since several
widely applied chemotherapy regimens were missing from that scoring, an improved
chemotherapy scoring was developed (Table 7) based on pharmagolocical data and clinical

experience of these agents.
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Table 7. The improved chemotherapy scoring for NHL patients. Only changes to the
original scoring system by Drake et al. (1997) are shown.

Toxicity factor Drug

0 Methylprednisolone

1 Methotrexate, cytosine arabinoside

2 Ifosfamide, mitoguazon, mitoxantrone
3 Fludarabine, dacarbazine

4 -

The chemotherapy score for each cycle was calculated by summing the toxicity factors of
individual drugs and multiplying this sum by the number of chemotherapy cycles given before
progenitor cell mobilisation (e.g. CHOP=2+2+1+0=5 points/cycle; CHOP 8 cycles=40 points;
DHAP=0+1+2=3 points/cycle).

All aphaereses were performed with a Cobe Spectra® cell separator (Cobe Laboratories
Ltd., Gloucester, UK). Aphaereses (10-15 1) were performed lasting 3-4 hours and the
number of CD34" cells was counted after each aphaeresis. Central venous catheter

(Vascath®) was used for HPC aphaeresis in more than 90 % of the patients.

4.2.2. Toxicity and efficacy of BEAC and BEAM regimens (Study III)

The data was prosplectively collected from a single hospital ASCT database. All patient
charts including laboratory files and daily nursing reports were screened for completion of
data. The assessment of oral mucositis and diarrhoea was based on daily nursing reports and
clinical examination by a treating physician. The criterion for engraftment was neutrophils
> 0.5 x 10%/1 and platelets > 20 x 10°/1. For assessment of toxicity, a WHO grading for acute
and subacute cancer treatment toxicity was used (Miller et al. 1981) (Table 8). Only toxicity of

grade > 2 was taken into account.
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Table 8. WHO criteria for evaluation of acute and subacute toxicity in cancer therapy
(Miller et al. 1981). Only grading for gastrointestinal, infectious, renal, pulmonary and
cardiac toxicity is presented.

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
Gastrointestinal
oral none soreness/ eryhtema, ulcers  ulcers, alimentation not
erythema can eat solids liquid diet possible
diarrhoea none transient tolerable, intolerable, = hemorrhagic dehydration
<2 days > 2 days requiring
therapy
bilirubin < 1.25xN 1.26-25xN  2.6-5xN 5.1-10x N >10x N
alkaline
phosphatase <1.25xN 1.26-2.5xN  2.6-5xN 5.1-10x N >10x N
Infections none minor moderate major major infection with
infection infection infection hypotension
Cardiac
rhythm none sinus unifocal PVC multifocal ventricular tachycardia
tachycardia  atrial PVC
>110atrest arrhythmia
function none asymptomatic transient;no symptomatic, symptomatic, non-
but abnormal therapy responsive to response to therapy,
cardiac sign therapy,dys-  dysfunction
function
pericarditis  none asymptomatic symptomatic tamponade  tamponade,surgery
effusion no tap tap required  required
Pulmonary  none mild exertional dyspnea at complete bed rest
symptoms dyspnea rest required
Fever none fever 38 fever 38-40  fever > 40 fever with
hypotension
Renal, bladder
proteinuria  none <0.3g/ 0.3-1.0g/ >1.0g/ nephrotic
100 ml 100 ml 100 ml syndrome
hematuria none microscopic  gross gross + clots  obstructive uropathy
creatinine <1.25xN 1.26-25xN 2.6-5xN 5-10x N >10x N

Abbreviations: PCV, premature ventricular contraction; N, upper limit of normal
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4.2.3. Cardiac evaluation of BEAC regimen (Studies IV-V)
The study protocol for prospective studies evaluating cardiac effects of BEAC regimen was

as follows:

d-7 d-6 d-3d2 DO d+7 d+12 m+3

BEAC* p; Cm— X
Stem cell infusion X

RVG X
Natriuretic peptides X
MRI* X

X X
X X X

ol

Abbreviations: CY, cyclophosphamide; d, day; m, month; RVG, radionuclide ventriculography;
MRI, magnetic resonance imaging "high-dose CY with total dose 6000 mg/m” as part of BEAC
regimen “"MRI was performed for 17 patients (Study IV).

In addition, body weight and temperature, blood pressure and HR were measured on

each morning during the study.

4.2.3.1. Magnetic resonance imaging (Study IV)

The first MRI study was performed at baseline on d-7 just prior to HDT and the second
evaluation was on d-2 just after completing BEAC regimen. MRI was performed with a 1.5
T clinical MR scanner (Magnetom Vision®, Siemens Medical Systems Inc., Erlangen,
Germany) at 7 a.m. A phased array body coil was used as a receiver. Transaxial localizer
images were acquired to define LV and LA. After that, cine images were obtained using an
ECG-gated gradient echo sequence (TR 50 ms, TE 4.8 ms). First cine imaging level was an
oblique sagittal long axis image through LV apex through mitral valve annulus and LA that
was positioned using transaxial scout images. Next imaging plane was the long axis cine
image through LV apex through mitral valve annulus and LA that was set perpendicularly

to the previous oblique sagittal end-diastolic cine image.
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LV length was measured in the horizontal long-axis plane. This length was devided into
three equal sections. Thereafter, two short axis cine images were obtained perpendicularly
to the both long axes of the left ventricle at the first and second third of the LV length.
Cross-sectional area of the LV myocardium was measured in short axis images at the first
and second third of the LV length in end-diastolic and end-systolic images. Left ventricular
end-systolic (ESV) and end-diastolic (EDV) volumes were calculated using the modified
Simpson's rule (Dulce et al. 1993). LVEF was calculated using an equation LVEF =
((EDV-ESV)/EDV) x 100 % and LV mass = LV volume x 1.05 (Katz et al. 1988).
Furthermore, stroke volume (SV) was calculated using an equation SV= EDV-ESV and
cardiac output (CO) = SV x HR. A LVEF decrease > 10 % units from the baseline or
LVEF < 50 % were defined as abnormal.

The technique has previously been validated in the study centre by comparison of LVEF
values (by geometrical modified Simpson’s rule) in healthy subjects and it has a good inter-
study reproducibility, 7 % (Sipola, unpublished data). In a small study Dulce (1993)
showed no significant differences between values obtained with the modified Simpson’s
rule versus the 3D data set for LVEF. In addition, a high inter-observer reproducibility of

MRI measurements within these two models was found.

4.2.3.2. Radionuclide ventriculography (Study V)

Equilibrium RVG was performed with in vivo technetium-99m-labeled blood cells (dose
670 MBq). A large field-of-view gamma camera equipped with a high-sensitivity parallel
hole collimator was used for imaging. The cardiac cycle was divided into 32 frames with a
10 % tolerance. Ten million counts were acquired. Data were analysed with commercial
cardiac software (MGQ, Nuclear Diagnostics AB, Hégersten, Sweden). Systolic LV
function was assessed by measurement of LVEF. LV diastolic function was estimated by
TTPF. LVEF < 50 % was defined as systolic dysfunction (Wackers et al. 1979) and TTPF
> 180 ms as diastolic dysfunction (Miller et al. 1979). The RVG method used had been
validated earlier in the study centre (Nousiainen et al. 1999).
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4.2.3.3. Natriuretic peptide measurements (Studies IV-V)

The blood samples were drawn into chilled tubes containing 1.5 mg K2-EDTA/ml blood
after the patient had been in the supine position for 30 min at 8 a.m. The whole blood was
centrifuged and plasma immediately frozen and stored at -70 C. NT-proANP and NT-
proBNP were assayed directly from unextracted plasma. Circulating NT-proBNP
(antiserum to NT-proBNPjp2) and NT-proANP (antiserum to NT-proANPse.79)
concentrations were determined by radioimmunoassay as described by Ala-Kopsala et al.
(2004). With the NT-proANP4s.79 assay, the range of serum concentrations in healthy
individuals was 81-571 pmol/l. The mean standard deviation (SD) was 255 (95) pmol/l.
With the NT-proBNP;¢.29 assay, the range of serum concentrations in healthy individuals
was from undetectable to 250 pmol/l. The mean SD was 86 (32) pmol/l. The values in
healthy adults are for NT-proANP < 455 pmol/l and NT-proBNP < 150 pmol/l, without an
effect of gender or age (Ala-Kopsala et al. 2004).

4.2.4. Progressive disease after ASCT (Stydy VI)

The data was collected from medical charts by using a designed form and by a single
investigator (T.K.). The first routine evaluation of treatment response was performed at
about three months after HDT. In patients who had achieved a CR after ASCT, a
progression was defined as any later evidence of NHL. Also those patients who had
achieved a partial remission (PR) after ASCT or were refractory, but later showed new
evidence of NHL, were considered to have progressive disease. Also patients in whom
evidence of NHL was observed before the first response evaluations were also included
into this series. The date of progression was the date of diagnostic specimen or diagnostic
study showing evidence of NHL progression.

For the definition of the response to salvage therapy CR was defined as disappearance
of all clinical and radiological evidence of NHL. PR was defined as at least 50 % reduction
in tumour mass. All other outcomes were considered as non-responders (NR). Response
was evaluated based on radiological evaluation (ultrasound, computed tomography),

clinical examination, and in a case of disseminated NHL on BM biopsy.
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4.3. Statistical analysis

All calculations were performed with the SPSS for Windows Releases 7.0, 9.0, 10.0 or 11.0
(SPSS Inc., Chicago, IL, USA). A P value < 0.05 was considered statistically significant.
The statistical significance of a single factor in univariate analyses was evaluated using the
Chi-square test for categorical variables and the Mann-Whitney U test for continuous
variables (Studies I-VI).

In study I, the significant parameters associated with mobilisation failure in univariate

analysis were investigated in multivariate analysis using a logistic regression. To predict
the mobilisation failure for each patient, the following equation was used:
Probability (P) = 1/ (1+exp (-Z)), where Z= by+ b X;+ by Xo+...bpXp. X1, Xo...Xx are
covariates and by, by,.....by are their estimated coefficients. The ROC (receiver operating
characteristics) curve of the predictive mathematical model was built by plotting sensitivity
against 1-specificity for different probability values.

In study II, Spearman’s correlation test was used to investigate the association between the
chemotherapy score and the peak blood CD34" count as well as the number of CD34" cells
collected. ROC curve was used to evaluate the ability of chemotherapy score to predict the
outcome of mobilisation.

In study III, Kaplan-Meier method was applied to describe OS and PFS after HDT. Log-
rank test was used to analyse possible differences in survival.

In studies IV-V, paired two-tailed t-test was used to compare means and the correlations
between variables were studied using Spearman’s correlation test. In study V, the subgroup
analyses were performed using a general linear method with repeated measures ANOVA.
Time (five time points or four change points) was defined as a within-subject factor and
LVEF at baseline (> or < 50 %) as a between-subject factor. P values for both group x time
interaction and time effect were defined by the Greenhouse-Geissler. The data are
expressed as mean + standard error of mean (SEM).

In study VI, a logistic regression was used defining the predictors to CR or PR status
after salvage therapy. Kaplan-Meier survival curves were generated and comparisons made

by using the log-rank test. Factors significantly associated with survival were then entered
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into a multivariate Cox model. Survival times were calculated from the time of progression

after ASCT to death or the date of last follow-up.

4.4, Approval of the Ethics Committee

Written informed consent was obtained from all the patients participating prospective
studies (Study IV-V) after the purpose of the study was explained to them. The protocol
was approved by the Ethics Committee of the University of Kuopio (136/11/00) and was in

accordance with the Helsinki Declaration.
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5. RESULTS

5.1. Prediction of mobilisation failure (Study I)

Seventy-nine patients (81 %) were successful mobilisers, whereas eighteen patients (19 %)
experienced a mobilisation failure with the definition used. Altogether 29 of those 30 NHL
patients, whose aphaeresis was started with B-CD34" cell counts between 5-20 x 1091,
experienced a successful mobilisation and only one patient was a mobilisation failure.

Of the premobilisation factors, BM involvement at the time of diagnosis (P=0.001) or
prior to mobilisation (P=0.001) was associated with mobilisation failure in univariate
analysis. In addition, a low platelet count just prior to mobilisation also predicted failure
(P=0.001), as did a low WBC count (P=0.038) and a low absolute neutrophil count
(P=0.035). Further, several postmobilisation factors were associated with mobilisation
failure in univariate analyses: a low WBC nadir (P<0.001), low platelet nadir (P<0.001),
neutropenic fever (P=0.001) and need for platelet transfusions (P<0.001). A longer time to
reach peak B-CD34" level (P<0.001) and a lower peak B-CD34" level after mobilisation
(P<0.001) were also statistically significant. In multivariate analysis only two
premobilisation factors, BM involvement at the time of diagnosis (P=0.004) and platelet
count just prior to mobilisation (P=0.01), retained their statistical significance in predicting
mobilisation failure.

The area under the ROC curve built on the mathematical model was 82 % ((confidance
interval (CI) 95 %; 0.71-0.93)) (Figure 1). The detected threshold value for a continuous
variable (platelet count just prior to mobilisation) to predict mobilisation failure was a
platelet count 190 x 10°/1 with a sensitivity of 0.71 (CI 95 %; 0.49-0.92), specificity of 0.77
(CI 95 %; 0.68-0.86), a positive predictive value of 0.40 (CI 95 %; 0.22-0.57) and a
negative predictive value of 0.92 (CI 95 %; 0.86-0.99). Examples of using the mathematical

model based on the results of the multivariate analysis are presented in Table 9.
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Table 9. Risk of mobilisation failure according to the mathematical model.

Bone marrow Platelet count just Risk of
involvement prior to mobilisation mobilisation failure
at diagnosis (x 10°/1)
+ 100 61 %
+ 150 55%
+ 200 39 %
- 100 19 %
- 150 13 %
- 200 9 %
1,0

@
"

Sensitivity (True positive rate)
“cf o

O)O T T T
0,0 3 5 8 1,0

1 - Specificity (False positive rate)

Figure 1. ROC curve showing sensitivity (true-positive rate) and 1-spesicificity (false-
positive rate) of the mathematical model to predict the mobilisation failure for each NHL
patient. Area under the curve = 0.82; 95 % CI = 0.71-0.93.
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5.2. Chemotherapy scoring to predict mobilisation (Study II)

HPC mobilisation was successful in 101 patients (84 %), whereas 19 patients (16 %)
experienced a mobilisation failure. Seventeen patients (14 %) had received TF 3 drugs
(fludarabine 8 pts, chlorambucil 7 pts, procarbazine 1 pt, and dacarbazine 1 pt) and only
two patients (2 %) TF4 drugs (metchlorethamine) prior to HPC mobilisation.

Application of the original chemotherapy scoring by Drake et al. (1997) was possible only
in 32 patients (27 %). The main reason was that many commonly used agents were missing
from the original scoring system. Out of 32 patients who could be adequately scored, only
three patients (9 %) failed to mobilise, whereas nine patients (28 %) fulfilled the criterion for
sufficient and 20 patients (63 %) the criterion for excellent mobilisation, respectively. The
scores between the patients who failed to mobilise were higher than in those who achieved the
minimum target yield after the mobilisation (medians 48 vs. 35), but the difference did not
reach statistical significance. No significant differences were observed in the chemotherapy
score between those patients who had excellent mobilisation vs. those with sufficient
mobilisation either. No significant correlation between the score and the peak B-CD34" counts
or the aphaeresis yield was observed in this patient group.

By using the improved scoring system altogether 111 patients out of 120 (93 %) could be
scored. Out of these 111 patients, 14 (13 %) failed to mobilise according to the criterion used
whereas 63 patients (58 %) had an excellent mobilisation and in additional 34 patients (30 %),
a sufficient graft was collected. The median score was 44.5 for patients who failed
mobilisation, 46.5 for those with a sufficient mobilisation and 36 for those who showed an
excellent mobilisation (P=NS). There was a significant inverse correlation between the
chemotherapy score and the peak B-CD34" count measured (=-0.214, P=0.024) as well as
between the improved chemotherapy score and yield of the aphaeresis (r=-0.234, P=0.02).
However, the ROC showed no threshold value for the improved chemotherapy score to

predict mobilisation failure (Figure 2).
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Figure 2. ROC curve showing sensitivity (true-positive rate) and 1-spesificity (false-
positive rate) of individual chemotherapy score to predict mobilisation failure in each NHL
patient.

5.3. Toxicity and efficacy of BEAC and BEAM regimens (Study I1I)

In BEAC group the number of CD34"cells infused was 3.2 x 10%kg (1.0-12.0) and in BEAM
group 3.1 x 10%kg (1.0-19.7) without statistical difference. In addition, no differences were
observed in the time of engraftment according to the regimen used and or in the need for
supportive care between these two patient groups. The peak values for CRP were higher in
BEAM group and oral mucocitis was also more common. The data concerning infectious
complications and regimen-related toxicity are also presented in Table 10. No differences in
survival were observed between BEAC and BEAM groups. Kaplan-Meier estimates for OS
(Figure 3) and PFS (Figure 4) for NHL patients conditioned with either BEAC or BEAM

regimens are presented.
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Table 10. Toxicity and supportive care data in NHL patients receiving BEAC or BEAM
regimen.

BEAC (N=36) BEAM (N=35) P value

Number (%) Number (%)
Sepsis 3(8) 10(29) 0.062
Pneumonia 2(6) 2 (6) NS
Peak CRP mg/l (range) 113 (18-248) 140 (34-391) 0.034
Antibiotics, days (range) 9(0-23) 9 (0-35) NS
In-hospital days (range) 21 (18-64) 21,5 (16-43) NS
Toxicity *
Oral mucositis 10 (28) 21 (60) 0.015
Diarrhoea 3(8) 10 (29) 0.062
Cardiac 2(6) 0 NS
Renal 0 1(3) NS
Hepatic 0 2 (6) NS
Pulmonary 1(3) 0 NS
TRM 1(3) 39 NS

Abbreviations: TRM, treatment-related mortality; CRP, C-reactive protein; NS, not significant; “only
WHO grade > 2 (Miller et al. 1981) included

Proportion alive

Months

Figure 3. OS after HDT in NHL patients conditioned either with BEAC (N=36) or BEAM
(N=35).
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Figure 4. PFS after HDT in NHL patients conditioned either with BEAC (N=36) or BEAM
(N=35).

5.4. Very acute cardiac toxicity during BEAC regimen (Study 1V)

LA end-systolic area averaged 15.2 + 1.2 cm” at baseline. It increased to 18.5 + 1.4 cm?
(P=0.001) during the study (Figure 5a). At the same time left ventricular end-diastolic
volume (LVEDV) increased from 136.1 + 12.3 cm’ to 156.6 + 11.1 cm® (P=0.04) (Figure
5b) and left ventricular end-systolic volume (LVESV) from 67.4 + 7.8 cm’ to
753 +7.1 cm® (P=0.018) (Figure 5c). However, there was no significant change in mean
LVEF (from 51.0 + 1.9 % to 51.3 + 3.1 %, P=0.87). In addition, no change was observed in
the LV mass (167.9 + 11.7 g to 177.3+ 9.2 g, P=0.1).

The baseline plasma concentration of NT-proANP was 481.1 + 105.5 pmol/l. It
increased during BEAC chemotherapy to 1056.6 + 193.1 pmol/l (P=0.001) (Figure 6a). The
plasma concentration of NT-proBNP was 134.9 + 53.3 pmol/l at baseline and increased to
547.1 £+ 168.4 pmol/l (P=0.003) (Figure 6b). At baseline there were seven patients (41 %)
with LVEF < 50 % by MRI and during the study only one patient developed a significant
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decrease in LVEF according to the definition used. Two patients died shortly after the study

period because of sepsis and multiorgan failure (MOF).
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Figure 5. (a) Left atrial end-systolic area (cm®), (b) Left ventricular end-diastolic volume
(cm®) (c) Left-ventricular end-systolic volume (cm®) during BEAC regimen. Values are
mean + SEM (N=15). Significance of differences: &P<0.05, «xP<0.01.
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The change in NT-proBNP correlated significantly with the change in LVEDV
(r=0.666, P=0.009) and a borderline correlation was found between the changes in NT-
proBNP and LVESV (r=0.521, P=0.056). There was also a trend towards a correlation
between the change in plasma concentration of NT-proBNP and in LVEF from d-7 to d-2
(r=-0.479, P=0.07).

Serum haemoglobin (Hb) level averaged 115 + 9 g/l at baseline. It decreased to
98 + 8 g/l (P<0.001) during the study. The serum creatinine level was 81 + 10 umol/l at
baseline and decreased to 76 + 10 umol/l (P=0.009). In addition, no change was observed
in HR (67 £ 17 to 68 + 17, P=0.97). There was no significant change either in systolic
blood pressure (119 + 9 mmHg to 116 + 10 mmHg, P=0.3) or diastolic blood pressure
(71 + 6 mmHg to 67 + 8 mmHg, P=0.5). Neither SV (69 + 21 cm’ to 81 + 33 cm’, P=0.11)
nor CO (4.3 + 09 1to 49 + 1.8 1, P=0.22) differed from baseline. Furthermore, no
significant change in body weight (73 + 11 kg to 74 + 12 kg, P=0.15) was observed.
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Figure 6. (a) Plasma NT-proANP values (pmol/l) and (b) Plasma NT-proBNP values
(pmol/l) at baseline (d-7) and just after completing BEAC regimen (d-2). Values are + SEM
(N=17). Significance of differences: ©P<0.05, =P<(.01.
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5.5. Cardiac effects within three months of BEAC regimen (Study V)

Two patients developed severe sepsis and died because of MOF shortly after the stem cell
infusion (d+7 and d+10, respectively). Thus, the early treatment-related mortality was 6 %.
Only one patient (3 %) experienced clinical heart failure.

The mean LVEF was 53 + 2 % at baseline. LVEF decreased significantly by d+12
(49 + 2 %, P=0.009 vs. baseline). However, LVEF on m+3 (51 + 2 %, P=0.134) did not
differ from baseline (Figure 7a). At baseline nine patients (30 %) presented with systolic
dysfunction. Moreover, systolic dysfunction was observed in 11 patients on d+12 (41 %)
and also on m+3 (44 %).

The mean TTPF was 157 + 8ms at baseline. TTPF no longer differed from baseline on
d+12 (166 + 7ms, P=0.75) and on m+3 (159 + 6ms, P=0.85). Diastolic dysfunction was
found in seven patients (23 %) at baseline. Altogether nine patients (33 %) presented with
diastolic dysfunction on d+12 and two patients (8 %) on m+3. Four patients (13 %) had
both systolic and diastolic dysfunction at baseline, nine (33 %) on d+12 and none on m+3.

The NT-proANP averaged 445 + 65 pmol/l at baseline. NT-proANP increased
significantly by d-2 (1127 + 142 pmol/l, P<0.001) and thercafter started to decrease. NT-
proANP was still significantly increased on d+7 (648 + 125 pmol/l, P=0.015), but on d+12
(568 + 111 pmol/l, P=0.081) and on m+3 (352 + 28 pmol/l, P=0.556) the values no longer
differed from baseline (Figure 7b). NT-proANP was elevated at baseline in eight (26 %), on
d-2 in 28 (93 %), on d+7 in 11 (37 %), on d+12 in 12 (40 %) and on m+3 in four (17 %)
patients.

The mean NT-proBNP was 129 + 33 pmol/l at baseline. It increased by d-2
(624 + 148 pmol/l, P<(0.001) and thereafter began to decrease. On d+7 (404 + 157 pmol/l,
P=0.048). NT-proBNP was still significantly elevated, but on d+12 (268 + 116 pmol/l,
P=0.12) and on m+3 (68 + 7 pmol/l, P=0.07) the values no longer differed from baseline
(Figure 7¢). At baseline NT-proBNP exceeded the upper normal limit in six (20 %), on d-2
in 24 (80 %), on d+7 in eight (27 %), on d+12 in five (19 %) and on m+3 in one (4 %)

patients.
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The mean body weight was 77 + 2 kg at baseline. It increased significantly by d-2
(80 + 3 kg, P=0.009). Thereafter it started to decrease (d+7, 78 + 2 kg, P=0.051; d+12,
78 + 2 kg, P=0.06) and on m+3 (76 + 3 kg, P=0.056), body weight no longer differed from
baseline. C-reactive protein (CRP) averaged 13 + 5 mg/l at baseline. It increased
significantly by d+7 (131 + 14 mg/l, P<0.001). By d+12 it had decreased, but it still
differed significantly from baseline (39 + 5 mg/l, P=0.003). The mean hacmoglobin (Hb)
was 115 + 2 g/ at baseline. It was significantly decreased on d-2 (101 + 2 g/I, P<0.001),
d+7 (92 + 2 g/1, P<0.001) and d+12 (102 + 2 g/, P<0.001). Furthermore, serum creatinine
level decreased from baseline (85 + 3 pmol/l) to d-2 (79 + 2 umol/l, P=0.001). On d+7
(78 + 2 umol/l, P=0.003) and d+12 (80 + 3 pmol/l, P=0.009), it still differed significantly
from baseline. Systolic blood pressure showed a borderline significant decrease from d-7 to
d+7 (125 + 3 mmHg; 119 + 2 mmHg, P=0.059). In addition, HR increased from baseline
(66 + 3) to d+7 (76 + 3, P<0.001) and to d+12 (78 = 4, P=0.001).

The possible effects of the extensive fluid infusion on natriuretic peptides levels were
studied. The correlations in changes from d-7 to d-2 between body weight and ANP and
BNP were significant (=0.508, P=0.004; r=0.551, P=0.002, respectively). No other
significant correlations were observed.

For LVEF, the group x time interaction was P=0.132, the group effect P<0.001 and time
effect P=0.301. In addition, in TTPF the group x time interaction was P=0.110.
Furthermore, neither the time effect P=0.313 nor the group effect P=0.996 were statistically
significant. NT-proANP (Figure 8a) and NT-proBNP (Figure 8b) values in both subgroups
are presented. When analysing natriuretic peptide values, the group x time interactions for
NT-proANP and NT-proBNP were P=0.136 and P=0.445 and no group effects were seen
(P=0.111; P=0.288, respectively). However, the time effects were significant (P<0.001;
P<0.001, respectively). For the changes in NT-proANP, the group x time interaction was
P=0.194, the time effect P<0.001 and the group effect P=0.074. Moreover, for the changes
in NT-proBNP the group x time interaction was P=0.464, the time effect P<0.001 and the
group effect P=0.328.
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Because for all variables the group x time interaction was not significant, further

analyses were not performed.
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Figure 7. (a) Left ventricular gjection fraction (LVEF) (b) plasma NT-proANP and (c)
plasma NT-proBNP at baseline d-7, on d-2, d+7, d+12 and m+3. Values are means + SEM.
Significance of differences: # P<0.05, ## P<0.01 ###<0.001 compared with baseline.
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Figure 8. Patients with normal systolic function (LVEF > 50 %) and with systolic
dysfunction (LVEF < 50 %) at baseline. a) NT-proANP and b) NT-proBNP at baseline, and
on d-2, d+7, d+12 and m+3. Values are means + SEM.

5.6. Outcome of progressive disease after ASCT(StudyVI)

The median time from HDT to progression was seven months (1-66): four months (1-45) in
DLBCL, seven months (1-38) in T-NHL, and eight months (1-59) in FL and 18 months
(3-66) in MCL. The salvage therapies applied and their responses are presented in Table 11.
Altogether 19 patients (17 %) receiving only supportive care (corticosteroids, blood
transfusions) were excluded from the analyses. Most of them (73 %) had DLBCL.
Altogether 12 patients (FCL=5, MCL=4, DLBCL=3) were treated with rituximab and two
reveived also SCT (allogeneic=1, autologous=1). The objective response rate for rituximab

containing salvage therapy was 83 % (CR 42 %).
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Table 11. Characteristics and responses of salvage therapies in 96 NHL patients with
progressive disease after ASCT.

Number of patients (%)

Salvage therapy
Chemotherapy only 50 (52)
Chemotherapy plus radiotherapy 17 (17)
Radiotherapy only 909
Rituximab with/or without chemotherapy 12 (13)
Chemotherapy followed by SCT 8(8)
Allogeneic 5()
2" ASCT 3(3)
Response to salvage therapy
CR 24 (25)
PR 30 (31)
NR 42 (44)
CR or PR to salvage therapy according to histology
Diffuse large B-cell 15 (41)
Follicular 18 (69)
Mantle cell 10 (67)
T-cell 8(72)
Other 3(49)

Abbreviations: SCT, stem cell transplantation; ASCT, autologous stem cell transplantation; CR
complete remission; PR partial remission; NR, non-responder

In univariate analysis several factors were associated with treatment response or
survival but most of these factors lost their significance in multivariate analysis. Factors
predicting treatment response after the progression included the use of rituximab (P=0.036),
histology other than DLBCL (P=0.001) and IPI < 2 at progression (P<0.001). Normal
LDH at progression (P=0.002), response to salvage treatment (CR or PR) (P<0.001) and
time from ASCT to progression > 7 months (P=0.022) were predictors for overall survival.

The median OS for all patients was eight months and the estimated 4-year survival 21 %
(Figure 9). The patients who progressed later than seven months after ASCT enjoyed a
significantly better outcome compared to patients who progressed earlier, median 15
months (0-81) vs. two months (0-98) (P<0.001). The best OS was observed in patients with
FL or MCL (Figure 10). Achievement of CR or PR with salvage therapy was associated
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with better survival compared to non-responders (median 26.5 months vs. two months)
(P<0.001). The OS was better for patients who received rituximab (median not reached);
only patients receiving salvage therapy included when compared to those patients treated
without rituximab (median ten months) (P=0.02). Furthermore, OS was significantly better
in patients with both normal LDH at time of disease progression and time to progression
>7 months from ASCT when compared to patients with both adverse factors (P<0.001)
(Figure 11).

Proportion alive

0,0
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Months from progression

Figure 9. Overall survival of 115 NHL patients with progressive disease after ASCT.
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Figure 10. Overall survival of 115 NHL patients with progressive disease after ASCT by
histology: diffuse large B cell (DLBCL) (N=52), follicular (N=26), T cell (N=16) and
mantle cell (N=15).
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Figure 11. Overall survival in 115 NHL patients with progressive disease after ASCT
according to two prognostic factors, LDH and time from HDT to progression. Upper curve:
normal LDH and progression > 7 months after ASCT (N=38). Lower curve: LDH > normal
and progression < 7 months after ASCT (N=68). Log-rank P<0.001.
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6. DISCUSSION

6.1. Patients and methods

The present series of studies is based on four retrospective studies (Studies I-III and VI)
and a prospective trial (Studies IV-V). The participitants in all studies were adult (> 16 y)
Finnish NHL patients, which makes the studies homogeneous in terms of malignant
disease. The HPC mobilisation protocol was the same in all patients (Studies [-III) as was
as the dose of CY in BEAC regimen (Studies IV-V). In study VI, the data was collected by
a single observer (T.K.) limiting interindividual variation related to interpretation of clinical
data.

The methods were based on widely accepted criteria for mobilisation success and the
WHO toxicity scale (Miller et al. 1981). Also the definition for the NHL treatment response
(CR/PR/NR) is commonly used. HPC collections were perfomed by the same aphaeresis
machine, and the blood CD34" counts and aphaeresis CD34" cell yields were measured in
the same stem cell laboratory (Studies I-I1I).

The prospective studies comprised only NHL patients treated with a single HDT
regimen. Furthermore, the patients were monitored carefully. The study protocol was

designed to assess cardiac function and neurohumoral activation simultaneously.

6.2. Prediction of haematopoietic progenitor cell mobilisation (Studies I-IT)
Two premobilisation factors associated with mobilisation failure were found in this study:
BM involvement at the time of diagnosis and platelet count just prior to the HPC
mobilisation. Based on these two factors, a mathematical model for the prediction of
mobilisation failure was constructed. Moreover, the original chemotherapy score (Drake et
al. 1997) and the improved chemotherapy score could not predict mobilisation success in
NHL patients. Therefore, the only obvious advantage of this improved scoring was that it was
more widely applicable to those patients with NHL than the original one.

In Studies I-1I, almost 20 % of NHL patients failed to mobilise an adequate numbers of
progenitor cells to proceed to HDT which is in line with other studies (Ketterer et al. 1998,
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Sugrue et al. 2000). The criterion for successful mobilisation was a collection of
> 1.5 x 10%kg CD34" cells. Many studies have established that the ideal PBPC CD34" cell
dose for reliable engraftment is > 5 x 10%kg with a target of > 2.0 x 10%kg (Weaver et al.
1995, Glaspy et al. 1999). The minimum criterion for successful mobilisation used in this
study seems to be valid, because all evaluable patients showed engraftment after HDT.

Several postmobilisation factors have been shown to predict mobilisation success
(Sugrue et al. 2000, Kessinger et al. 2003). Also in this study, low platelet and WBC count
nadirs and low peak B-CD34" counts were predictive of mobilisation failure in univariate
analysis. The value of these factors is limited, because there is little that can be done at this
point to avoid mobilisation failure. On the other hand, the prediction of mobilisation
problems using premobilisation factors may allow starting HPC aphaecresis with lower B-
CD34 counts, because it is unlikely that very high counts will ensue.

BM involvement was an important factor affecting progenitor cell mobilisation in NHL
patients and retained its predictive value also in multivariate analysis. BM involvement at
diagnosis or prior to mobilisation has been found to be an important factor in NHL patients
mobilised with G-CSF alone (Micallef et al. 2000). Apparently, marrow infiltration by
malignant cells affects the microenvironment thereby making effective HPC mobilisation
more difficult.

Low platelet count just prior to mobilisation was an important predictive factor for
mobilisation failure. This finding has not been reported earlier in patients with NHL.
Ketterer et al. (1998) studied patients with NHL, multiple myeloma and Hodgkin’s disease
and did not find the platelet count just prior to mobilisation to be a significant factor in
predicting mobilisation success. Lower platelet counts may reflect poor marrow reserves or
prolonged action of previous myelosuppressive therapy. Although no difference was
observed in the time interval between the last chemotherapy and mobilisation between
patients who were successful mobilisers and those who failed the mobilisation in this study,
it is possible that patients with lower platelet counts had not yet fully recovered from the

previous chemotherapy cycle. The importance of the time interval from chemotherapy to



81

mobilisation has been stressed especially in patients with FL (Perry et al. 1998) and in
patients treated with more intensive chemotherapy (Tarella et al. 1999).

The mathematical model derived from the results of multivariate analysis showed a
reasonable sensitivity. The area under the ROC curve (82 %) suggested that other yet
unidentified factors might also be of importance in predicting HPC mobilisation. The
pathophysiology of stem cell kinetics is only partly elucidated. Interindividual differences
may be operating also in NHL patients mobilised with chemotherapy plus G-CSF, in
analogy with healthy progenitor cell donors mobilised with G-CSF alone (Roberts et al.
1995). Vantelon et al. (2000) have proposed a mathematical model based on the number of
moderately or highly myelotoxic chemotherapeutic regimens to predict the success of HPS
mobilisation. Their model had relatively good predictive value with a success rate of 80 %
in patients with low scores and below 20 % in patients with high scores.

Previous chemotherapy has an important influence on the success of progenitor cell
mobilisation in patients with haematological malignancies (Haas et al 1994, Laszlo et al 2000,
Vantelon et al. 2000). Most published series have been heterogeneous in regard to diagnoses,
previous therapy and mobilisation protocol. Suprisingly the number of previous
chemotherapy cycles was not predictive of mobilisation failure in this study (Study I). This
suggests that in addition to quantity also the quality of previous chemotherapy might be an
important issue influencing the stem cell pool.

Drake et al. (1997) have proposed a scoring system for previous chemotherapy to
predict HPC mobilisation in patients with haematological malignancies. However, many
commonly used drugs were missing from their scoring system. Because the original scoring
system was applicable only in 27 % of the studied NHL patients, an improved chemotherapy
scoring system was devised by adding several drugs to the original scoring. The improved
scoring was applicable in 93 % of NHL patients (Study II). Only 2 % of patients had
received TF 4 drugs, and none of them had received melphalan or carmustine, well-known
stem cell toxins (Gardner et al. 1993b, Neben et al. 1993). This is the most apparent
explanation for the lack of correlation between the chemotherapy score and the efficiency of

HPC mobilisation. Perhaps the main reason for why the chemotherapy score did not predict
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mobilisation is the fact that limited data are available on the toxicity of various drugs on
progenitor cell pool. This is especially true when several drugs with variable modes of action

are used concomitantly.

6.3. Toxicity and efficacy of BEAC and BEAM regimens (Study III)

BEAC and BEAM regimens possessed equal efficacy in NHL patients in terms of OS and
PFS. On the other hand, BEAM was associated with higher incidence of oral and
gastrointestinal toxicity. The differences in toxicity profiles of these regimens reflect the
differences between side-effects of CY and melphalan.

No prospective randomised trials are available on the relative efficacy of various high-dose
regimens in patients with NHL. A retrospective registry analysis suggested that TBI-based
regimens are inferior to chemotherapy-only regimens in the treatment of histologically
aggressive NHL (Salar et al. 2001). Also in that study no significant differences were observed
in terms of OS between patients receiving BEAM or BEAC.

All patients were rescued by PBPC support after ASCT. Similar supportive care and
routine administration of G-CSF were offered to all patients after HDT. These patient groups
did not differ from each other in terms of various patient or disease-related characteristics or in
the median number of PBPCs infused after HDT. This suggests that the finding of more
prevalent oral and gastrointestinal toxicity associated with BEAM conditioning is a real
finding and of possible clinical significance.

Severe mucositis and diarrhoea are major problems related to HDT (Rapoport et al. 1999).
Mucosal damage during the aplastic period gives rise to bacteraemia with associated
complications. The patients conditioned with BEAM had more prevalent mucositis with a
grade > 2 in addition to more frequently positive blood cultures. In fact, all early treatment-
related deaths in patients conditioned with BEAM were due to sepsis and MOF. Mucosal
toxicity has been shown to be the main dose-limiting factor of high-dose melphalan (Samuels
and Bitran 1995, Moreau et al. 1999). Furthermore, one prospective study yielded the highest
scores for oral mucositis in patients receiving high-dose melphalan (Wardley et al. 2000).

Caballero et al. (1997) reported grade 3-4 mucositis in 30 % of the patients after BEAM. In
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fact, a somewhat higher prevalence for oral mucositis in patients who received BEAM was
observed in this study. One explanation might be that the median age of the patients was
higher in this study. Amifostine might protect the mucosa against melphalan-related toxicity
without decreasing response rates (Capelli et al. 2000, Phillips et al. 2004). Recently a
randomised study showed the efficacy of palifermin in terms of mucosal toxicity and its
clinical consequenses in NHL patients reveiving TBI-based HDT (Spielberger et al. 2004).
There might also be a need for such studies in patients receiving BEAM regimen.

Whereas BEAM seems to be somewhat more toxic regimen to the gastrointestinal tract,
other non-haematological toxicities were rare in this analysis, with no apparent differences
between BEAC and BEAM. Some investigators have reported significant toxicities associated
with BEAC regimen (van Besien et al. 1995). Especially cardiac toxicity might be an
important adverse event in patients receiving CY-containg regimens (Carlson et al. 1994,

Jantunen et al. 2006).

6.4. Cardiac effects of BEAC regimen (Studies IV-V)

A novel finding was the significant enlargement of heart chambers immediately after
completing BEAC regimen in NHL patients. This cardiac effect could not be assessed by
MRI LVEF measurements, but it was clearly reflected by increased levels of natriuretic
peptides (Study IV). A modest but significant impairment in systolic function was observed
by RVG about two weeks after BEAC. However, the concomitantly measured natriuretic
peptide values no longer differed from baseline. The changes both in cardiac systolic
function and natriuretic peptide levels were transient returning towards baseline by three
months. Thus, plasma natriuretic peptides seem to be more sensitive than LVEF to detect
subclinical cardiac dysfunction (Study V).

A significant increase in natriuretic peptide levels just after completing BEAC was
observed concomitantly with enlargement of the heart chambers. In addition, a strong
correlation between the changes in NT-proBNP and LVEDV was found. This is logical,
since natriuretic peptides are secreted as a result of dilatation of cardiac chambers. BNP is
primarily released from the ventricles and reflects the filling pressure of left ventricle.

Surprisingly, in Study IV, no significant changes were detectable either in LVEF or LV
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mass. Furthermore, Hb as well as creatinine level decreased significantly while SV, CO and
body weight showed no significant changes. Because intravenous diuretic boluses were
administered during BEAC to keep the body weight stable, the stretch of atrial and
ventricular walls by intensive fluid infusion can not explain all the changes in NT-proBNP.

In Study V during BEAC, there was a significant increase in both natriuretic peptide
levels and body weight. In addition, the changes in natriuretic peptide values and body
weight showed significant correlation. Furthermore, Hb levels decreased significantly that
might be explained by increased venous capacitance and shifting of intravascular volume
into the extravascular compartment due to increased permeability of the vascular
endothelium and increased hydraulic pressure in the capillary bed. Perhaps the larger
number of patients in Study V than in study IV (N=30 vs. N=17) partly explains these
conflicting data.

This study demonstrated LV systolic dysfunction about two weeks (d+12) after BEAC
regimen (Study V), which is in line with Gottdiener et al. (1981). In most previous studies
the first cardiac function evaluation after baseline has been performed one month from
HDT. The highest natriuretic peptide values were observed on d-2 but still on d+7 these
values were elevated when compared to baseline. Thus, on d+12 natriuretic peptide levels
were already returning to baseline. The increase in CRP and HR values is logical since
between d+2 and d+7 all patients developed neutropenic fever and infections. The effect of
neurohumoral activation due to sepsis might have some impact on these natriuretic peptide
values. In addition, after completing BEAC the body weight remained stable due to
intravenous boluses of diuretics. As discussed earlier, hyperhydration can not explain all
these phenomena observed. A recent study showed that NT-proANP and NT-proBNP may
serve as useful markers to indicate myocardial dysfunction and may help to differentiate
between survivors and non-survivors of severe sepsis (Brueckmann et al. 2005). In study V,
two patients died because of sepsis and MOF. They had 5-10-fold higher NT-proBNP
values prior to septic shock than other patients at the same time point (data not shown).

Interestingly, we could not detect a significant change in LV diastolic function in this

patient cohort. TTPF was used to assess cardiac diastolic function, which might be more
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stable than another diastolic index, peak filling rate (Miller et al. 1986). There are two
prospective studies in which the resting or exercise TTPF was prolonged even a year after
HDT. However, patients with allogeneic stem cell transplantation were also included in
these studies (Lele et al. 1996, Niwa et al. 2001). In Study IV, further data on LV wall
thickness and stiffness and on LA volume would have revealed more information on
cardiac diastolic function. Lim et al. (2006) showed that increased LA volume in patients
with normal LV systolic function and suspected heart failure is a powerful independent
predictor of LV diastolic dysfunction as predicted by serum NT-proBNP. In that study 2D
echo was used to assess cardiac function. Furthermore, in study V, the atrial filling would
have been specified by including the first-pass study to RVG method.

It has previously been suggested that changes in diastolic function precede changes in
systolic function in response to anthracycline related cardiotoxicity (Cittadini et al. 1991)
and that ANP might be an early marker of that cardiotoxicity (Daugaard et al. 2005). At
baseline, systolic LV dysfunction was observed in nine (30 %) and diastolic dysfunction in
six (20 %) patients (Study V). Subacute or late anthracycline cardiotoxicity might explain
some of these baseline observations and perhaps also some of the dysfunction observed
after BEAC. Even though a statistically significant difference in LVEF from baseline to
three months after BEAC was not observed, there were cleven patients (44 %) with
impaired systolic and two patients (8 %) with impaired diastolic function at that time point.
Longer follow-up is needed to find out whether this observation has impact on the quality
of life or cardiac complications in the long-term.

The precise mechanisms of high-dose CY associated cardiac toxicity are unknown. One
possible explanation for the cardiotoxicity of high-dose CY is toxic endothelial damage,
followed by extravasation of toxic metabolites. These toxic metabolities result in interstitial
haemorrhage and oedema (Gottdiener et al. 1981), which may lead to decreased myocardial
compliance and thus, diastolic dysfunction. In this study focusing on time during BEAC (d-
7 to d-2) a significant enlargement of heart chambers was detected simultaneously by an
increase in natriuretic peptide levels while LVEF remained unchanged. These findings

suggest that high-dose CY leads to activation of compensatory mechanisms by which heart
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tries to retain the systolic function (Study IV). After the acute phase, cardiac reserves might
be exhausted and dysfunction becomes evident (Study V). The measurement of
neurohumoral markers like norepinephrine, which is considered as an early indicator of
sympathetic activity, might better reveal the development of congestive heart failure
(Nousiainen et al. 2001).

Neuroendocrine activation during or after HDT regimens has been studied earlier.
Snowden et al. (2000) have reported that plasma BNP may be used for early detection of
cardiac dysfunction during SCT. In their study, however, the peak levels of BNP occurred
1-4 weeks after HDT, which is not a very acute finding compared with the significant
increase in natriuretic peptides already during the high-dose CY observed in this study.
Niwa et al. (2001) showed an elevation on natriuretic peptides very shortly after HDT on
day +1 and +14, but neither peak was predictive of later cardiac toxicity. In these pioneer
studies the cardiac function tests were performed at baseline and in the weeks after HDT
but not concomitantly with natriuretic peptide measurements. In the most recent study, the
persistent and very acute increase in NT-proBNP after HDT was strongly associated with
development of subclinical cardiac dysfunction as assessed by 2D echo (Sandri et al. 2005).
However, cardiac function evaluation was performed 4 and 12 months after HDT and
various HDT regimens were used. In addition, all these studies included patients with
allogeneic stem cell transplants. Acute graft-versus-host disease and possible late infections
may, thus partly, explain the neurohumoral activation observed.

Hertenstein et al. (1994) have suggested that patients with impaired LVEF at baseline
should not be excluded from HDT protocols solely due to this finding. Most patients with
baseline LVEF < 50 % did well in this study, which is in line with some previous studies
(Bearman et al. 1990, Zangari et al. 1999, Brockstein et al. 2000). In addition, there were
four patients with LVEF < 40 % at baseline, of whom two died because of sepsis and MOF
(Study V). Patients with initially decreased LVEF may benefit from afterload reduction
starting prior to HDT. ACE inhibitors have already been used in prophylactic treatment in
patients with reduced LVEF prior to HDT (Kakavas et al. 1995).
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Besides high-dose CY, BEAC regimen includes etoposide, cytarabine and carmustine.
The risk of high-dose CY associated cardiac toxicity might be increased by concomitant
administration of mitoxantrone or high-dose cytarabine (i.e 1-3 g/m?) (Vaickus and
Letendre, 1984). In this study, however, mitoxantrone was not used and the dose of
cytarabine was lower. The minor impact of DMSO on the cardiac effects observed can not

be ruled out.

6.5. Outcome of progressive disease after ASCT (Study VI)
Histology other than DLBCL, IPI < 2 at time of progression and the use of rituximab in
salvage therapy predicted treatment response for progressive disease after ASCT. In
addition, normal LDH at the time of disease progression and longer time to progression
after ASCT (> 7 months) were the most powerful predictors for survival.

Altogether 83 % of the patients who progressed after ASCT received salvage therapy.
The response rate was relatively high (56 %), but was dependent on histology (DLBCL vs.
others), use of rituximab and most significantly IPI at the time of disease progression.
Although time from ASCT to progression was also of importance in univariate analysis, it
lost its significance in multivariate analysis, apparently because patients with DLBCL
tended to progress early. The prognosis of these patients is in general poor with current
therapies. Moreover, many of these patients poorly tolerate current salvage treatments, as
shown also in other series (Johnsen et al. 1996, Buchler et al. 2003).

Only a minority of the patients (N=12) reveived monoclonal antibody, because it
became applicable in clinical practise in 1998. The use of rituximab as salvage therapy was
associated with an improved response rate and improved survival in this study. However,
there were nine patients out of twelve either with MCL or FCL subtype.The improved
outcome is in line with observations by Kewalramani et al. (2003), whose report included
only patients with aggressive NHL histology. In the treatment of newly diagnosed DLBCL
rituximab has proved its efficacy (Coiffier et al. 2002). Also in the first-line treatment of FL
and MCL, there are several reports showing the benefit of rituximab (Geisler et al. 2004,
Hiddeman et al. 2005, Marcus et al. 2005). Furthermore, the use of rituximab should be
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considered as a part of salvage therapy in patients with CD20" NHL who progress after
ASCT (Pan et al. 2002). Because the number of rituximab-treated patients was very low in
this study (13 %), a selection bias cannot be ruled out.

The median survival after progression was only eight months in this series, which is in
agreement with other reports from single centres (Vose et al. 1992, Kewalramani et al.
2003, Palticl et al. 2003). Moreover, the median survival was only four months in patients
with DLBCL, of whom only 10 % were long-term survivors. On the other hand, the
prognosis was much better in patients with MCL or those with FL. These patients could be
effectively treated in most cases, but innovative treatments are also needed in these patients
to improve the response duration. These may include, in addition to rituximab, RIC with
allografting to promote GVL activity. A second ASCT may be considered in selected
patients who progress several years after ASCT, although this approach is associated with
marked early TRM (De Lima et al. 1997, Lenain et al. 2004). FL and MCL patients might
be the best candidates for RIC allogeneic SCT, because the GVL effect is the most
prominent in indolent lymphomas (Khouri et al. 1999).

Predictive factors for OS included the time from ASCT to progression, LDH at the time
of progression and, most importantly, the response to salvage therapy. This is perhaps due
to the fact that almost half of the patients had DLBCL, which is associated with very poor
survival if remission is not obtained. Longer time to progression and normal LDH reflect
less aggressive tumour biology and are also of prognostic value.

NHL patients who progress after ASCT are very heterogeneous in regard to their
general condition, co-morbidities and ability to tolerate various treatments. These patient-
related factors are of crucial importance for the evaluation of treatment options in a given
patient. Disease-related factors like histology, IPI and time from ASCT to progression are
also very important, as shown in this analysis. There are patients with aggressive histology,
who progress early with high IPI and perhaps do not benefit from current standard
therapeutic approaches. These patients may be treated with palliation only or, preferably, in

prospective studies evaluating novel treatments. On the other hand, patients with DLBCL
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who progress years after ASCT and those with FL. or MCL can be salvaged successfully in

many cases.

6.6. Study limitations

Four studies were retrospective (I-III, VI) even though studies I-III were based on
prospectively collected data. Two different BEAM regimens were applied because of
clinical practise (Study III). Moreover, the assessment of oral mucositis and diarrhoea was
based on daily nursing reports and clinical examination by a treating physician. Because only
> grade 2 toxicities were taken into account, the method used reflects only roughly severe
toxicities related to HDT regimens (Study III).

In study 1V, the patient population was small (N=17), which might have affected the
results. The major finding, i.c. the substantial increase in natriuretic peptide levels, was
observed in all patients and the changes were statistically significant. However, a novel
method, MRI, was used. The study protocol was also quite demanding for the participating
patients. Quantification of the LV volumes with a 3D data set instead of a geometric model,
the modified Simpson’s rule, might have given more accurate data because of three-
dimensional approach for non-symmetric ventricles. However, the reproductability of the
modified Simpson’s method was established earlier in the study centre in favour of this
method. Systolic dysfunction by MRI was defined as LVEF < 50 % which is lower than
generally used (Salton et al. 2002) and was derived from RVG method.

In studies IV and V, all patients had previously received anthracyclines and there were
five patients (17 %) with known cardiovascular disease (Study V). It is difficult, however,
to study NHL patients undergoing ASCT without prior exposure to anthracyclines, because
the gold standard in first-line treatment for the most common ASCT indication, DLBCL, is
anthracycline based therapy. During BEAC regimen hyperhydration was used. Moreover,
all patients (Study V) developed neutropenic fever after d+2 and the engraftment was
supported by G-CSF. These factors might have influenced the results. Furthermore, the
cardiac function method (RVG) was not performed concomitantly with natriuretic peptide

measurements either on d-2 or on d+7.
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6.7. Concluding remarks

In this study different aspects of HDT supported by ASCT in adult NHL patients were
evaluated. HPC mobilisation is a crucial part of ASCT, and factors affecting HPC
mobilisation should be taken into account in the early treatment phase. A simple solution to
poor mobilisation is unlikely to exist, because the reasons are multifactorial and obviously
differ from one patient to another. Those NHL patients who have BM infiltration at
diagnosis and lower platelet counts just prior to mobilisation are at a significant risk of
mobilisation failure. Poor mobilisers are likely to benefit from novel mobilisation
approaches, including AMD3100 (Broxmeyer et al. 2005) and SDF-1 analogues (Zhong et
al. 2004). A recent study reported that sympathetic nervous system regulates the egress of
stem and progenitor cells from their niche (Katayama et al. 2006). These results suggest
that modulation of the sympathetic outflow to the stem cell niche might represent a novel
HPC mobilisation method.

Any chemotherapy scoring system seems to be arbitrary and at best only partly reflects
reality. Until more information is available on safety of chemotherapy for HPCs, it is
advisable to avoid prolonged treatment with TF 3 and TF4 drugs in NHL patients who will
undergo ASCT. It might also be useful to limit the use of less toxic drugs before HPC
mobilisation. In the future new chemotherapeutic agents may be more targeted and also less
toxic to HPCs, thus decreasing the risk of mobilisation failure.

BEAC and BEAM regimens showed comparable antitumour activity in patients with
NHL, but BEAM was associated with increased incidence of mucosal damage. However,
prospective randomised trials are definitively needed to draw firm conclusions on the relative
toxicity and efficacy of various HDT regimens in NHL patients. Reduction of the mucosal
toxicity of conditioning regimens seems to be a major issue in the future. The use of
keratinocyte growth factor (palifermin) to prevent mucosal damage after HDT seems to be
a promising approach, especially in high-risk patients.

High-dose CY seems to result in subclinical, transient systolic dysfunction. LVEF might
not be sensitive enough for its detection. On the other hand, MRI is a useful method for

showing very early cardiac toxicity, cardiac dilatation. A clinically relevant strategy to
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assess and follow-up cardiac L'V function seems to be serial measurements of natriutretic
peptides. Patients with systolic dysfunction prior to high-dose CY may benefit from closer
monitoring during BEAC and perhaps heart failure therapy. An issue for future trial could
be the comparison of prophylactic heart failure therapy (ACE inhibitor, carvedilol or
angiotensin IlI-receptor blocker) in a prospective fashion.

In the future, tissue or colour tissue Doppler 2D echo might be a useful tool in the
assessment of LV function and structure in cancer patients undergoing ASCT. Strain means
tissue deformation in response to an applied force. Preliminary studies suggest that strain
rate may be superior to myocardial velocities especially in relaxation abnormalities. The
application of strain rate awaits further refinements and wider availability (Quinones 2005).
Comparison of cardiac function related to HDT by 3D MRI, tissue Doppler 2D and even
3D echo would be interesting.

For the future, studies in larger cohorts of patients and studies that compare newer
functional and biochemical markers (e.g. endothelin-1 and proinflammatory cytokines) of
ecarly cardiac toxicity with conventional methods are needeed. These studies should help to
establish the best tool to accurately identify patients at risk of developing clinical heart
failure and to identify cardiac damage at the preclinical stage. This would allow clinicians
to more closely monitor cardiovascular function, prevent cardiac function impairment and
start treatment at an early phase in high-risk patients.

The outcome of NHL patients who progress after ASCT is generally poor, as was also
shown in this study. However, there is a group of patients whose survival seems to be
promising. Simple prognostic factors found in this study are helpful in determining the
likelihood for the treatment response. These factors are also apparently useful when
selecting NHL patients for prospective trials testing new or improved treatments. Such

studies appear to be of paramount importance especially, in patients with DLBCL.
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7. SUMMARY

Study I: BM involvement at diagnosis and suboptimal platelet count just prior to
mobilisation are factors predicting mobilisation failure in NHL patients mobilised with

intermediate-dose CY plus G-CSF.

Study II: Neither the original chemotherapy scoring nor the improved scoring system predicts

HPC mobilisation in NHL patients mobilised with intermediate-dose CY plus G-CSF.

Study III: No significant difference was observed in the efficacy of BEAC and BEAM
regimens. In NHL patients BEAM regimen scems to cause more oral mucositis and

gastrointestinal toxicity with associated infections.

Stydy 1V: BEAC regimen results in very acute cardiac toxicity characterised by cardiac
dilatation in NHL patients as assessed with MRI. This cardiac effect can be observed with

elevated natriutretic peptide values but not with measurement of LVEF.

Study V: BEAC regimen seems to cause acute transient LV systolic dysfunction observed
by RVG. Natriuretic peptides might be more sensitive than LVEF to reflect this cardiac
effect. Serial measurement of natriuretic peptides could offer a useful tool in the assessment

and follow-up of cardiac systolic dysfunction in ASCT recipients.

Study VI: Histology other than DLBCL and IPI < 2 are factors predicting treatment
response for progressive disease after ASCT in NHL patients. Normal LDH at progression,
longer time from ASCT to progression and response to salvage therapy are the most

powerful predictors for overall survival.
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