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Lymphoma  patients treated with  autologous
transplantation (ASCT) live an increasingly long life with
the recent advancement in therapeutic modalities. This has
resulted in an increase in the incidence of therapy-related
myeloid neoplasms (t-MN), which is one of the leading causes
of non-relapse mortality. Several observational studies have
linked the development of t-MN after ASCT with the intensity
and frequency of chemotherapy, particularly alkylating
agents, use of total body irradiation (TBI), and peripheral
blood progenitor cells. In addition, role of genetic factors
is increasingly being identified. It is postulated that the use
of chemotherapy prior to ASCT results in DNA damage of
progenitor cells, mitochondrial dysfunction, and altered
gene expression related to DNA repair, metabolism as well as
hematopoietic regulation. Cytogenetic studies have shown the
presence of abnormalities in the peripheral blood progenitor
cells prior to ASCT. It is, therefore, likely that the reinfusion
of peripheral blood progenitor cells, proliferative stress on
infused progenitor cells during hematopoietic regeneration
and associated telomere shortening ultimately result in
clonal hematopoiesis and blastic transformation. Cytopenias,
myelodysplasia, or cytogenetic abnormalities are common
and can be transient after ASCT; therefore, only when present
together, they do confirm the diagnosis of t-MN. Attempts
to reduce the occurrence of t-MN should be directed toward
minimizing the exposure to the identified risk factors. Although
the median survival is few months to less than a year, studies
have shown the promising role of allogeneic transplantation
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in select young t-MN patients without high-risk cytogenetics.
In this review we will explain the recent findings in the
field of t-MN in lymphoma patients that have implications
for identifying the molecular and genetic mechanisms of
leukemogenesis and discuss potential strategies to reduce the
risk of t-MN in this patient population.

Introduction

High-dose chemotherapy and autologous hematopoietic
stem cell transplantation (ASCT) is a well-established treatment
option for patients with high-risk Hodgkin lymphoma and non-
Hodgkin lymphoma (NHL). With the addition of rituximab,
high-dose chemotherapy, and ASCT is shown to further improve
long-term outcomes.”? Therapy-related myeloid neoplasms
(-MN) are recognized complications of ASCT in lymphoma
patients, and a leading cause of nonrelapse-related mortality
(NRM)?# with a study showing 44% of death in remission due
to -MN.? There is evidence that the relative risk of developing
t+MN after conventional therapy with or without high-dose
chemotherapy followed by ASCT for Hodgkin lymphoma is
13-19 when compared with the general population.”!® The
incidence of +MN varies, likely as the result of exposure to
the risk factors, the length of follow-up and the statistical
methodology used, ranging from 1% in 30 mo* to 11.7% in
6 y'" in different studies and continues to rise for as long as
12-15 y after ASCT®!213 (Table 1). Increasing use of high-dose
chemotherapy and ASCT in lymphoma with improved long-
term survival is likely to translate into a rising incidence of
t=MN in the future.
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Table 1. Characteristics of t-MN patients: Review of recent literature (continued)
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Risk Factors

Several studies have attempted to identify the risk factors
associated with -MN after ASCT in lymphoma patients; however,
these studies are limited by their observational design and
relatively small number of +MN patients (Table 1). In general,
therapies given prior to ASCT, transplantation conditioning
regimens, and factors related to the stem cell harvesting are
considered the major risk factors.'"

Pre-transplantation therapy

As a part of the combination chemotherapy regimens,
lymphoma patients are exposed to multiple cycles of alkylating
agents as well as topoisomerase II inhibitors before ASCT,
both of which are well-established to cause =MN. Studies
among transplanted lymphoma patients have shown that the

1620 35 well as the

intensity and the frequency of chemotherapy
use of alkylating agents such as mechlorethamine, chlorambucil,
cyclophosphamide, lomustine,*>'*"”"” or MOPP regimen"
are important risk factors. In one study, the use of 4 or more
chemotherapy regimens was shown to be an independent risk
factor.? Inanother study, the number of cycles of mechlorethamine
and cyclophosphamide, but not of procarbazine, cisplatin, or
etoposide, was shown to have significant association with «tMN."
Exposure to fluadarabine has also been identified to be a risk
factor for «MN in general**# as well as in lymphoma patients
after ASCT."?%% In follicular lymphoma, fluadarabine at any
dose increases the risk for tMN, the greatest risk being among
patients exposed to a dose >500 mg/m? whereas a cumulative
dose of >150 mg/m? also increases the risk for poor stem cell
harvests.?® There have been cases of =MN reported in association
with bendamustine as well, however, the role of bendamustine
in causation of MN is unclear and =MN developed in a non-
transplant setting.

In an attempt to determine the extent to which prior
chemotherapy vs. ASCT contributes to tMN, a British
cooperative study compared the risk of *MN among transplanted
(n = 595) vs. non-transplanted (7 = 3981) Hodgkin lymphoma
patients. The risk of «MN was predominately affected by the
quantity of prior therapy (P < 0.0001), exposure to MOPP
(P = 0.0009) or lomustine chemotherapy (P = 0.001). After
adjusting for these factors, there was no increased risk associated
with transplantation (P = 0.25). Therefore, they concluded that
BEAM (BCNU, etoposide, Ara-C, and melphalan) therapy and
ASCT in Hodgkin lymphoma did not significantly increase the
risk of +MN.” This study indicates that the majority of tMN
following high-dose chemotherapy and ASCT are likely the
result of previous chemotherapy and most likely prior to ASCT;
and the ASCT procedure itself plays a minor role. Importantly;
however, in this study, the overall incidence of +MN was less
than some other studies.>** The difference may be explained by
the fact that the majority of the patients received conditioning
with BEAM chemotherapy and very few TBI (0.3%), which is
one of the recognized risk factors for development of =MN.Y
Furthermore, the relatively low incidence may reflect the low
leukemogenic potential of the BEAM regimen.”’ The result,
therefore, may not be generalizable to +MN developing after

CBV = P, cyclophosphamide, BCNU, VP-16 = cisplatin; Cy, cyclophosphamide; HD-CT, high-dose chemotherapy; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; TBI, total body irradiation; t-MN,

ASCT, autologous stem cell transplantation; BEAC, BCNU, VP-16, cytarabine, cyclophosphamide; Mel, melphalan; BEAM, BCNU, VP-16, cytarabine, melphalan; BEM, BCNU, VP-16, melphalan; Bu, busulphan;
therapy-related myeloid neoplasms.
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conditioning with other high dose chemotherapy regimens
such as cyclophosphamide/busulfan and TBI. A different study
comparing the incidence of +MN between transplanted and
non-transplanted patients reached the same conclusion showing
no difference in the incidence of MN. However, this study had
the same limitations.?® A third study also concluded that ASCT
does not increase the risk of tMN compared with conventional
therapy. In this study, although the details of are not mentioned
specifically for patients who developed +MN, only 1 out of 202
Hodgkin lymphoma patients received TBl-based or BEAM
conditioning regimen. The majority received cyclophosphamide,
carmustine, etoposide with or without cisplatin (z = 197)
as conditioning regimen.’ These studies suggest that prior
chemotherapy may play important role in the development of
MN.

There are a number of indirect evidence supporting the role
of prior chemotherapy in the development of =MN. The number
of relapses, which is considered to be reflective of the number
of the cycles of chemotherapy administered, is associated with
an increased risk. There is evidence supporting the correlation
that ASCT without much chemotherapy or without the use of
alkylating agents is associated with little-to-no development of
secondary malignancies.’ The total risk has been significantly
since of mechlorethamine

decreased reducing the use

and procarbazine.”” Allogeneic hematopoietic stem  cell
transplantation results in much lesser development of +MN,*3°
which, could be because the donor progenitor cells have not been
treated with chemotherapy or alkylating agents.* Latency period
for the development of -MN after stem cell transplant, although
variable, can be as brief as 1.5-6 mo (Table 1). Short latency
period and presumed low leukemogenic potential of high-dose
BEAM chemotherapy has led to the consideration that +MN
arising after BEAM and ASCT can originate from the pre-ASCT
damage to the hematopoietic progenitor cells utilized in ASCT
and hence pre-ASCT therapy play important role.?” In addition
3133 and
dysplastic morphological changes®** have been noted even before
transplantation, although not consistently,*? thus suggesting
the role of pre-ASCT therapy in causation of MN. In a case

series, patients with Hodgkin lymphoma were found to have

there are reports showing that cytogenetic abnormalities

clonal abnormality before bone marrow harvest, thus supporting
the notion that antecedent chemotherapy prior to ASCT plays
an important role in the development of +MN.* In fact, the
cytogenetic abnormalities identified at the time of +MN have
been shown to be present before harvesting the stem cells for
ASCT.?* Furthermore, abnormalities of chromosomes 5 and 7,
characteristics of +MN developing after the use of alkylating
agents, are quite common among patients who develop +MN
post-ASCT (Table 1). These findings together support the idea
that the prior use of intensive chemotherapy and alkylating agents
play an important role in leukemogenesis.

Few studies have shown an increased risk of -MN associated
with local, subtotal radiation therapy prior to ASCT,%13¢% pelvic
irradiation,” total lymph node irradiation, and low-dose TBI,**%
particularly in combination with alkylating agents.* However,
the role of prior local radiation therapy in the causation of tMN

www.landesbioscience.com

has been a matter of controversy and is generally considered
small.4!

Conditioning regimens

Several studies have identified TBI as a risk factor for
tMN.20424 In St Bartholomew’s Hospital in London, the
United Kingdom, high incidence of +MN (12% at a median
follow-up of 6 y) was reported with the use of TBI as a part of the
conditioning regimen, however, no patient developed MN after
the discontinuation of TBI in 1996." On the other hand, one
study did not show any association with TBI,*® whereas another
study showed that the risk might be dose-related; TBI at doses
12 Gy or less did not pose a risk whereas increased risk was seen
for doses of 13.2 Gy." In general, TBI is accepted as a risk factor
for -MN occurring after ASCT.>!44!

Stem cell harvesting

Several studies have shown that ASCT using peripheral
blood progenitor cells have an increased risk of +MN compared
with ASCT using bone marrow cells.>*¢44% Tt is postulated
that peripheral blood progenitor cells are harvested before the
repair of chemotherapy-induced DNA damage or they are
contaminated by “preleukemic” cells with DNA damage,” which
results in increased risk. The process of ASCT in general can
also presumably result in the damage to the microenvironment
or the stem cells during the phases of mobilization, collection,
and storage,* thus contributing to an increased risk. The rarity
of «MN after allogeneic SCT, although often attributed to
the exposure of prior therapy, could also be reflective of these
differences. Additionally, it has been shown that myelodysplasia®*
as well as cytogenetic abnormalities?” after ASCT can be
transient. Furthermore, new cytogenetic abnormalities developed
after ASCT do not necessarily confer a poor prognosis for the
development of -MN for as long as 30 mo.*® On the same note,
it seems reasonable to presume that the cytogenetic abnormalities
and myelodysplasia seen pre-ASCT could be transient and not
necessarily predictive of future - MN.

It has been shown in a study that the cytogenetic abnormalities
identified at the time of -MN were detected in the stem cells prior
to high dose chemotherapy, which supports the hypothesis that
the reinfusion of previously damaged stem cells could account
for tMN.* In a different study, a subgroup of patients received
two courses of high dose chemotherapy, each course followed by
peripheral blood progenitor cells harvesting. It was shown that
the use of the second harvest of peripheral blood progenitor cells
was a significant risk factor for -MN. It was postulated that the
second HDCT likely caused additional damage to the harvested
cells.”? The second harvest has been previously shown to correlate
with the shortening of telomere in PBPC.* These findings might
suggest that telomere shortening of peripheral blood progenitor
cells, shown to increase the risk and precede the development of
=MN,% is the underlying mechanism for increased risk of +MN.

Several other factors related to stem cell harvesting have
been shown to be associated with increased risk. In different
studies, difficulty in harvesting stem cells defined as more than

2021 a5 well as the

5 d of apheresis required for stem cell harvest,
dose of mononuclear cells infused at the time of ASCT' were

shown to correlate with an increased risk of -MN. In a recent
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study, the high cumulative incidence of tMN (# = 5, 17% at
42 mo follow-up) was seen among patients with hematological
malignancies who underwent stem cell mobilization using
plerixafor and granulocyte colony-stimulating factor because
of one or more previous failed attempts at mobilization, thus
questioning the contribution of plerixafor in development of
+MN.>" However, these factors indicative of marrow damage
likely reflect the extent of chemotherapy administered before
ASCT.

Role of genetic factors

The roles of genetic factors in the development of +MN are
increasingly being identified. X-ray repair cross-complementing 1
(XRCCI) gene s critically important in DNA repair especially the
repair of single-strand breaks,” and it displays single nucleotide
polymorphisms (SNP) with the mutant A allele (AA/GA), which
is associated with reduced ability to DNA repair.”*** In a recent
study, XRCCI1 genotype was shown to predict the risk of tMN
after ASCT with a 4.5-fold increased likelihood of developing
+MN among carriers of the mutant A allele compared with
patients with wild-type genotype. Furthermore, XRCCI genotype
also correlated with the overall survival among lymphoma
patients undergoing ASCT, which might be partly related to an
increased risk of tMN.” In another study among lymphoma
patients treated with conventional therapy and ASCT (n = 49),
researchers genotyped 29 single nucleotide polymorphisms (SNP)
and 2 deletion polymorphisms for 23 candidate genes. Patients
with deletion of glutathione S-transferase mu 1 (GSTMI), the
Pro allele of proline 72 arginine (P72R) in 7P53, the T allele of
CYP1A1*2A and the T allele of rs6030469 of protein tyrosine
phosphatase, receptor type (PTPRT) were found to have increased
risk of «MN. Furthermore, a synergistic effect between TP53
and methylenetetrahydrofolate reductase (MTHFR) was also
noted. These findings were confirmed in expression analyses for
GSTM1, TP53, and MTHFR. These genes are responsible for
drug metabolism, DNA repair, and apoptosis, thus supporting
the role of genetic susceptibility to -MN.® Recent studies have
also identified mitochondrial dysfunction (based on gene-
expression or metabolomic analysis) in peripheral blood stem cells
obtained pre-ASCT among patients developed -MN months
to years later. Mitochondrial dysfunction results in reduced
ability to detoxify reactive oxygen species, thus promoting DNA
mutation.’”*® In addition, microarray analysis of gene expression
profiles of CD34* stem cells isolated from peripheral blood stem
cells have also demonstrated altered gene expression related to
metabolism and hematopoietic regulation. All these changes may
be related to the therapeutic interventions prior to ASCT and/
or may represent predisposing factors for -MN. Furthermore,
an optimal 38-gene peripheral blood stem cell classifier has been
shown to distinguish patients who do or do not develop +MN.*®

Miscellaneous factors

In addition to above, age at ASCT,>®!42* the length between
the primary diagnosis and ASCT,>*** male gender,"*" number
of transplants,* disease status at ASCT,* age =235 y, and stage
III/IV at diagnosis of Hodgkin lymphoma’ are other risk factors.
Although not very clear, men may be more affected due to the
hormonal effects, such as a hormonal-dependent activation of

1082 Cancer Biology & Therapy

the telomerase reverse transcriptase (7ERT) gene and consequent
changes in telomerase activity. This is suggested by the findings
from a recent study that showed both androgens and estrogens
can stimulate telomerase activity; however, androgens likely get
converted to estrogens and acts via estrogen-receptor to mediate
telomerase activation.®

A proportion of tMN may occur independent of the therapy.
Inastudy of AML occurringasa second malignancy, 41 out of 127
cases occurred in patients who were treated with surgery alone;
the rest of the patients received chemotherapy (7 = 34), radiation
(n = 20), or chemoradiotherapy (z = 32). Furthermore, first-
degree relatives of the patients with AML as second malignancy
were more likely to have a malignancy in their lifetime compared
with patients with de novo AML (36.9% vs. 27.2%, P < 0.005).%
This study indicates that AML as a second malignancy is not
always a result of prior therapy, rather the genetic predisposition
in conjunction with environmental factors might also play a role.

Pathobiology of the Disease

The development of the MN among lymphoma patients after
high dose chemotherapy and ASCT is a complex phenomenon
and presumably a multi-step process (Fig. 1). As discussed in the
section on risk factors, exposure to chemotherapy and radiation
results in DNA damage, mitochondrial dysfunction, and
alteration in cellular metabolism and dysregulation of normal
hematopoietic progenitor cells. High dose chemotherapy and
TBI can cause similar cellular and genetic damages as triggered
by the pre-transplant therapy and provides another opportunity
for causing damage to the hematopoietic progenitor cells.
Reinfusion of peripheral blood progenitor cells with previously
damaged DNA results in clonal abnormal hematopoiesis.
Proliferative stress on infused peripheral blood progenitor cells
induces telomere shortening, genetic instability, and blastic
evolution to AML.

Telomere shortening has been associated with the development
of =MN. The extent of telomere shortening correlates with the
number of the somatic divisions.®> There is evidence that a
significant reduction in hematopoietic primitive and committed
progenitor cells can be seen prior to ASCT with further profound
and persistent reduction in primitive progenitor cells after ASCT.
Thus, increased proliferation and differentiation of primitive
progenitor cells is required for hematopoietic regeneration after
ASCT. Additionally, as one may expect, a shortening of telomere
length during early post-transplant period with subsequent
recovery to the pre-transplant level is seen. However, the recovery
of committed progenitor cells and telomere length is poorer
in patients who develop -MN.* In other studies, telomere
shortening has been shown to occur before ASCT because of
prior chemotherapy® ¥ and older age® as well as after ASCT.®
Previous studies have also shown the role of telomere shortening
in limiting the number of cell divisions, as well as in senescence,
genetic instability, and clonal disorders.®*” The above-mentioned
associations have been shown in a study which found a marked
reduction in telomere length in post-ASCT lymphoma patients
during the evolution of cytogenetic abnormalities, myelodysplasia,
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and acute leukemia.* Thus, it can be
concluded that the proliferative stress
during hematopoietic regeneration

leads to  telomere  shortening Genetic susceptibility:
with poor recovery in certain SHP. XRCCL yariant
patients, which can contribute

to genetic instability, cytogenetic
abnormalities, and ultimately the
development of +MN. Cytogenetic
abnormalities may be present in
stem cells harvested for ASCT.3
blood

progenitor cells with cytogenetic

Genetic susceptibility
Age at transplant
Male gender

Infusion of Autoimmunity

peripheral
abnormalities can be presumed to
undergo faster telomere shortening
and blastic evolution when forced to
rapidly proliferate after engraftment Environmental factors
and hematopoietic regeneration.

A possible role of autoimmunity
has also been suggested in the

Normal hematopoietic stem cells

Early DNA damage to progenitor cells
Altered genes related to DNA repair, drug metabolism
and apoptosis, and mitochondrial dysfunction

Proliferative stress/Telomere shortening
leading to new or additional DNA damage to progenitor cells

Genetic susceptibility to AML

Chemotherapy
Radiation

\ TBI and high-dose chemotherapy
Reinfusion of PBPC with DNA damage

—

Therapy-related myeloid neoplasms

pathogenesis of =MN after ASCT.

Occurring around the time of
engraftment, engraftment syndrome

is characterized by the presence | menting1.

Figure 1. Pathobiology of therapy-related myeloid neoplasms. SNP, single nucleotide polymorphism;
PBPC, peripheral blood progenitor cells; TBI, total body irradiation; XRCC1, X-ray repair cross-comple-

of fever, skin rash, capillary leak,

and/or  pulmonary infiltrate.%®

Graft-vs.-host-disease (GVHD)-like skin rash has also been
described after ASCT, which is indistinguishable from GVHD
rash post-allogeneic transplantation.”” In a study, occurrence of
engraftment syndrome/autologous GVHD was shown to be an
independent risk factor for -MN. The authors hypothesize that
immune disturbance from prior chemotherapy or conditioning
regimen might play a role in the development of +MN post-
ASCT in the elderly patients.”” The possible role of immune
disturbance in MN is supported by previous studies showing a
potential role of autoimmune mechanisms in the pathogenesis of
MDS in general,”®”! the association of MDS with autoimmune
conditions™ and the role of immunosuppressive therapy in the
management of MDS.7>74

Morphological and Cytogenetics Features

Therapy-related myeloid neoplasms after ASCT present a
unique diagnostic challenge. Post-transplant lymphoma patients
can often have hypoplastic, fibrotic or dysplastic bone marrow
even in the absence of +MN. In a study, concurrent cytopenia
and dysplastic morphological changes were noted in 37% of
patients at 6 mo after ASCT and 25% at 12 mo, thus highlighting
their transient nature and the limitations of morphological
diagnostic criteria for MDS.* Similar findings were noted in
another study.” On the other hand, patients can also develop
clonal karyotypic abnormalities in bone marrow without clinical
MDS."5%76 Furthermore, these cytogenetic abnormalities can be
transient.” Interestingly, in a study among de novo AML patients
undergoing ASCT, the patients were detected to have new
cytogenetic abnormalities after transplantation which did not
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confer a poor prognosis for the development of -MN until 30 mo
after the detection of cytogenetic abnormalities.*® Therefore,
cytopenia and clonal chromosome abnormalities, in addition to
refractory cytopenia and dysplastic morphological changes, are
needed to establish the diagnosis of «MN after ASCT.

In a review of published literature, the incidence of +MDS
(n = 132) was more common than t-AML after ASCT (2 = 36).
Monosomy of chromosomes 5 or 7 as well as deletion of 5q or 7q
were the most common cytogenetic abnormalities noted.” These
features, characteristics of =MN seen after the use of alkylating
agents,”” confirm the role of prior exposure to alkylating
agents. Approximately 14% of patients had translocations to
chromosome bands 11923 or 21q22 with the majority being
exposed to topoisomerase II inhibitors. A larger portion of the
patients had complex karyotype whereas only a small number
of patients had normal karyotype.’ Our review showed similar
findings (Table 1). Additionally, in other studies, abnormalities
in chromosome 12 have also been noted****347¢ including
breakpoint on 12p13 in one study.® 12p region is remarkable
for the location of genes which are related to hematological
malignancies including MDS and AML.”® Recently, two cases
of «MN with derivative (1;7)(q10;p10) have been described after
ASCT who displayed a stable disease with supportive therapy
only at 36 and 48 mo after the diagnosis, thus indicating the
possibility of indolent course with this subtype of «MN.” Also,
balanced translocations involving 1p36, as a part of complex
cytogenetics,” and that involving 3q26* have also been noted.
The balanced translocation involving 1p36 and 3926 occurring
as the sole anomaly has its own unique features including a poor
prognosis.®
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Table 2. Major risk factors of t-MN: Review of recent literature

Variables Associated risk Type of Analysis Source
RR of 2.8 with age =35y Multivariate analysis Forrest®
Pre—transpla.nt.atlon HR of 1.06 with older age Multivariate analysis Micallef"
characteristics
RR of 2.6 with Stage Ill/IV lymphoma Multivariate analysis Forrest®
HR of 1.7 per increase in 1 chemotherapy regimen Univariate analysis Waterman?
HR of 13.1 with fludarabine exposure Univariate analysis Waterman?
HR of 3.2 with prior fludarabine therapy Multivariate analysis Micallef"
Pre-transplantation HR of 5.3 with prior chemotherapy regimens >4 Multivariate analysis Kalaycio?'
chemotherapy - - - -
RR of 2 and 4.3 respectively with <50 mg/m and =50 mg/m Multivariate analysis Metayer's
of mechlorethamine
RR of 3.8 and 8.4 respectively Wlth.<1 0moand >10 mo Multivariate analysis Metayer®
of chlorambucil
HR of 3.5 with prior radiation Multivariate analysis Kalaycio?'
Pre-transplantation - - - -
radiation RR of 3.2 with pre—tra.nsplantatlc'm radlother.ap'y among patients Multivariate analysis Krishnanz®
who did not receive VP-16 priming
HR of 18.1 with leukapheresis >5 d Univariate analysis Waterman?
Conditioning regimen/ HR of 5.3 with leukapheresis >5 d Multivariate analysis Kalaycio”!
ASCT RR of 4.6 with TBI at doses of 13.2 Gy Multivariate analysis Metayer'®
RR of 7.7 with stem-cell priming with VP-16 Multivariate analysis Krishnan3¢

HR, hazard ratio; RR, relative risk; TBI, total body irradiation; t-MN, therapy-related myeloid neoplasms.

Risk Reduction

Although there is a paucity of literature examining through
which strategies we can prevent the occurrence of +MN, based
on the identified risk factors, certain suggestions can be made.
Multiple cycles of chemotherapy especially alkylating agents are
one of the most important risk factors. Therefore, upfront ASCT
in first complete remission can be considered a better option
for high-risk patients to reduce the amount of chemotherapy
administered.”® In certain cases, this may also improve the
outcome of the primary disease. Second, where possible, reducing
the exposure to alkylating agents and fludarabine may be
beneficial. Since exposure to TBI is another risk factor, avoiding
TBIin conditioning regimen can reduce the probability of -t MN.#!
BEAM conditioning regimen is likely of low leukemogenic
potential, so it might be prudent to consider its use instead of
cyclophosphamide/TBI conditioning regimen.'”?”%! Few studies
have indicated that there might be cytogenetic abnormalities in
the peripheral blood progenitor cells; hence standard cytogenetics
and fluorescent in situ hybridization (FISH) on the infusion
product before ASCT particularly in heavily pretreated patients
might help detect these malignant clones.*** Therefore, a pre-
transplant bone marrow aspiration and biopsy in order to have
a morphological and cytogenetic examination in heavily treated
lymphoma patients can potentially play an important role in
reducing risk of tMN.?

A study among 66 patients undergoing peripheral blood
progenitor cells ASCT followed for a median of 25 mo found
no cases of =MN. It is interesting to observe that these patients
did not have exposure to certain risk factors (Table 2). The
conditioning regimen included chemotherapy without TBI;
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patients were treated with <2 chemotherapy lines with local
radiotherapy as indicated; patients with Hodgkin lymphoma did
not receive MOPP regimen routinely; patients were transplanted
in complete or partial remission; and there were no cytogenetic
abnormalities and myelodysplasia at the time of transplantation
analysis.”” Although the absence of -MN could be the result of
small sample size or relatively short duration of follow-up, this
study indicates that avoidance of the risk factors might help
reduce risk of =MN.

Prediction

Antecedent chemotherapy prior to ASCT plays an important
role in the development of =MN. Performing conventional
karyotyping and FISH analysis prior to ASCT, therefore, may
help detecting -MN related to prior chemotherapy as well as
potentially predict high risk patients.***" Given the significant
association of telomere length with the development of +MN,
the measurement of telomere length after ASCT may help
predicting the impending clonal abnormality and blastic
transformation;*® however, in many patients, there might be
recovery of telomere length following initial shortening during
early post-ASCT period.*® X-chromosome inactivation pattern
at the human androgen receptor locus has also been utilized
to predict the development of -MN;*# however, it can only
be performed in women and is further limited by technical
variability and constitutional excessive lyonization or acquired
skewing in the hematopoietic system.® Several other genetic
testing as well as expression level studies have shown promising
results in predicting the susceptibility to the development of
t+MN in ASCT patients; these include microarray analysis of
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gene expression profiles of CD34* stem cells using 38-gene
peripheral blood stem cell classifier,”® single nucleotide
polymorphism studies,”® XRCC1 genotyping” and 'H-nuclear
magnetic resonance (NMR)-based metabolomic analysis of
cellular metabolic pathways.”” These methods require further
confirmatory studies.

Treatment and Prognosis

Patients with =MN occurring after ASCT have often received
several chemotherapies and have complex karyotype. Therefore,
in general, they have poor response to conventional antileukemic
chemotherapy, hence allogeneic SCT is often considered the
only potential curative modality for appropriate patients. In a
study among predominantly young (median age 40 y) -MN
patients (7 = 868) with 151 patients having received ASCT in
the past, allogeneic SCT resulted in a 5-y treatmentrelated
mortality and overall survival of 48% and 22% respectively.
Age >35 y, poorrisk cytogenetics, AML not in remission at
the time of transplantation, and donor type (non-sibling-
related donor or mismatched unrelated donor) were found to
be independent poor prognostic factors with additive adverse
effect on survival. Patients with no risk factors, 1, 2, 3, and 4
risk factors showed a 5-y survival of 50%, 26%, 21%, 10%, and
4%, respectively.®® Similar risk score based on three factors: age
>40 y, poor-risk cytogenetics, and AML not in remission at the
time of transplantation correlated with prognosis after allogeneic
transplantation in a different study among predominantly
young (median age 40 y) «MN patients (z = 461) with 7%
patients having undergone ASCT previously.®> Another study
showed high-risk cytogenetics, Karnofsky performance status
<80% and disease after chemotherapy to have worse event-
free survival among +MN patients (z = 29), out of which 7
patients had undergone prior ASCT. Furthermore, non-relapse
mortality was higher among patients who had received >2 lines
of therapy prior to the diagnosis of *MN and those who were
transplanted >6 mo after the diagnosis of +MN. Although
transplant delay could be related to many factors such as lack
of induction, therapy-induced complications, or lack of donor
availability, it was also observed that patients who underwent
consolidation had a trend toward higher non-relapse mortality.*
Previously, one study showed that consolidation therapy
with cytarabine in de novo AML in complete remission does
not offer any benefit over directly proceeding to allogeneic
transplantation.’” Therefore, it can be concluded that young
t+MN patients with none of the above-mentioned risk factors
can significantly benefit from the allogeneic transplantation and
should be offered transplantation on a timely fashion, perhaps
even without waiting for consolidation. In a small study (7 =
12) among patients developing relapse or secondary malignancy
(lymphoma or leukemia) after ASCT for primary cancer
(lymphoma, leukemia, or breast cancer), nonmyeloablative
allogeneic transplantation resulted in engraftment in all
recipients, reduced transplantrelated toxicity, and an actuarial
survival of 56% at 34 mo.®® Further studies should be conducted
to evaluate this promising approach.
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Patients with =MN after ASCT have a poor prognosis with
a median survival of few months to less than a year (Table 1).
In a study, it was found that some +MN patients have a shorter
survival time whereas other can live for a prolonged period of
time. Aggressive =MN patients were found to have significantly
more bone marrow trilineage dysplasia pre-ASCT and greater
dyserythropoiesis and  dysmegakaryopoiesis  post-ASCT.¥
As describe in previous paragraphs, risk factors such as age,
cytogenetics, status of +MN and performance status have
prognostic significance.

Future Perspectives

We found only two studies registered as of March 2013
(htep://clinicaltrials.gov, NCT00774046 and NCT00525746)
that intend to investigate the pathogenesis and the management
of «MN occurring after chemotherapy and/or radiation. The
relative rarity and the variable latency period of «MN after
ASCT make it difficult to accrue patients in any trials on «MN
after ASCT. Unfortunately, there is a lack of national and
international registry to conduct large observational studies.
High-quality research will be possible only by the coordinated
efforts of large-volume cancer care centers within and outside
the Unites States. In our institution at University of Nebraska
Medical Center, we are performing exome sequencing on blood
and skin samples of patients with +MN after autologous ASCT
for lymphoma to identify somatic mutations; and we have also
started a retrospective analysis of the outcomes of =MN patients
who underwent allogeneic transplantation. We are hopeful that
those observations would provide a better understanding of the
pathobiology and management of +MN.

Conclusions

Although observational studies have provided valuable
information about several epidemiological aspects of +MN
occurring after ASCT, these studies are limited by their
observational design and relatively small sample size. There is a
gap in our knowledge about the extent of the contribution of
pre-transplant therapies, conditioning regimens, and genetic as
well as other factors in the causation of -MN with short vs. long
latency period. The presumed hypothesis about the pathogenesis
requires further confirmation. The better understanding of
the pathobiology can help build better strategies to reduce the
development of t+-MN after ASCT. Karyotyping and FISH to
detect cytogenetic abnormalities, X-chromosome inactivation
pattern studies at the human androgen receptor locus in women,
telomere length monitoring, SNP studies, microarray analysis of
gene expression profiles of stem cells, and metabolomic analysis
of cellular pathways hold promising role in identifying high-risk
patients and need confirmatory studies. Studies have identified
poor prognostic factors and potential of good outcomes with
allogeneic transplantation in select young patients; these findings
when confirmed can improve the current dismal outcomes
associated with the disease. It is only through the collaboration of
leading cancer centers at national and international levels that a
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large randomized clinical trial can be conducted to answer these Acknowledgments
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