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Synopsis

Patients with acquired and inherited bone marrow failure syndromes are at risk for the development
of clonal neoplasms including AML, MDS, and PNH. This chapter reviews the evidence supporting
a model of clonal selection, a paradigm that provides a reasonable expectation that these often fatal
complications might be prevented in the future.

Keywords

Clonal evolution; myelodysplasia; aplastic anemia; natural selection; Fanconi anemia; apoptosis;
leukemogenesis

Patients with bone marrow failure syndromes are at risk for the development of clonal
neoplasms including AML, MDS, and PNH (reviewed in preceding chapters in this volume
and in1v2). From 10 to 20% of survivors of acquired aplastic anemia will develop a clonal
disease within the decade following their diagnosis,3'6 and the relative risk of clonal neoplasms
is even more significantly increased in children and adults with inherited bone marrow failure
syndromes as well.” Informed by advances in studies on evolutionary adaptations‘10 recent
studies testing the adaptive nature of clonal evolution in mammalian hematopoietic stem cells
are clearly positive.

The “inflammation and cancer” canon

Inflammatory disorders, infectious and non-infectious, are known to predispose patients to
neoplastic diseases. While the type of inflammatory disorder can be variable, one constant is
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that the tissue at risk is the inflamed tissue itself. For example inflammatory bowel disease is
a risk factor for colon cancer; hepatitis C infection is a risk factor for hepatocellular carcinoma
and so on. A recent wave of interest in the linkage between “inflammation” and cancer has
resulted in a canonical view that the neoplastic cells grow because they respond to the
proliferative, antiapoptotic, and pro-angiogenic effects of the cytokines released in the inflamed
tissue. Given that a large population of stem cells would be under the influence of these pro-
proliferative cytokines, if this feed-forward model were sufficient to account for subsequent
neoplasia the neoplasms themselves ought to be polyclonal. They aren’t. Because neoplasms
are usually clonal (arising from one mutant stem cell) the model fails to explain a key step in
this process, the emergence and domination of the niche by the progeny of a single mutant
stem cell. An alternative model, one that applies the rules of natural selection, better reconciles
the clinical course of disease in humans and mice. To compare this model with the more
canonical one requires a thorough understanding of the concept of selection coefficients.

Selection coefficients and determinants of clonal evolution

Principles of natural selection were developed in reference to studies on species but are
legitimately applicable to “asexual” populations as well.9 In fact, when these principles are
tested in the laboratory using hematopoietic stem cells of mice with marrow failure, they have
informed us about the importance of the microenvironment in processes of clonal evolution.
11,12 | selection of species and subspecies, emergence and fixation of adaptive mutations
depends first upon an environmentally induced stress upon a population that makes that
population less fit. An apt example is found in studies on selection of dark and light colored
rock pocket micel3 that differ in only one allele that influences coat color. In a neutral
environment, both strains survive equally well but in the real world (in this case an environment
with owls in it), the dark colored mice are easier for the predators to spot if they’re running
about on sand. Conversely, the light colored ones are easy pickings sitting on lava-beds. In
effect, the environment does its work to select the fit population not by influencing directly
that population but by purging its unfit competitors. There is evidence that this is true not only
for bacteria in which adaftation to antibiotic challenge results in resistance1415 put for
mammalian cells as well. 18 This unabashedly Darwinian model is a perfectly applicable model
to apply to populations of stressed hematopoietic stem cells.

To develop a clear picture of clonal evolution that occurs in the setting of bone marrow failure
requires clarification of the relationships that exist between the target cells and the selective
forces in the environment that determine fitness.1/ Some mathematical models have even
suggested that selective pressure is a more important determinant in initiation of a tumor than
is an increased baseline mutation ratel8 but it is intuitively more appealing to accept that
variations in fitness in stem cell populations increase not only as a function of the relative
fitness differences between two competing populations (a notation of which is known as the
coefficient of selection) but in proportion to the population size and mutation rate as well.9

The likelihood of clonal evolution depends upon the relative fitness differences between normal
stem cells and mutant (potentially adapted) stem cells. This relative difference is expressed as
the “selection coefficient.” A high selection coefficient exists when a somatic mutation accords
to cells a uniquely strong advantage. Two models of clonal evolution are presented in Figure
1. Note that each model results in the same coefficient of selection. Studies on clonal evolution
using murine stem cells clearly support the model in Figure 1.B.11 The model in Figure 1.B.
makes the argument that the selectability of a specific mutation will be highest when the
reference population is disadvantaged at the outset. This model suggests that if one wants to
prevent clonal evolution, one must focus on restoring the fitness of the unfit stem cells. This
requires, of course, that the precise molecular mechanisms that reduce fitness in the stem cell
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pool are clarified. The focus needs to be both on mechanisms intrinsic to stem cells and
pathways that influence the microenvironment.

Pathogenesis of Acquired Aplastic Anemia

In the past two decades experimental evidence from translational studies places acquired
aplastic anemia squarely into the category of autoimmune diseases. The evidence from a
number of laboratories, recently summarized by Young et al, L has revealed that; (1) aberrantly
activated oligoclonal T-cell populations19 suppress hematopoiesis by releasing cytokines
(importantly IFNy and TNFa) (2) these cytokines and other factors induced by them cause
apoptotic responses in hematopoietic stem cell and progenitor cells, (3) clinical responses to
immunosuppressive therapy correlate directly with the capacity of the treatment to suppress
T-cell function, and (4) immune mediated bone marrow failure can now be modeled in mice
and in that model monoclonal antibodies to TNFa and IFNy prevent fatal aplasia. Recent gene
expression microarray analysis confirms predicted abnormalities in both the attacking T-cell
population520 and the progenitor cell pool.21

Clonal Evolution in Acquired Aplastic Anemia

Stem cells assaulted by cytotoxic lymphoid populations22 represent perfect models of a
disadvantaged population (Figure 2). Unless the offending T-cell population is eradicated or
inactivated, the selective pressure they exert on the stem cell pool would favor the evolution
of somatically mutated stem cells that had acquired, by virtue of the mutation, the capacity to
resist the attack of T-cells. The requirements for clonal evolution are; (a) that a sufficiently
high coefficient of selection exists(ongoing selection against the non-adapted stem cells as
would be the case with ongoing immune attack in acquired aplastic anemia), (b) that a stem
cell population is of sufficient size (as would be the case prior to the onset of aplasia), and (c)
that there is an appreciable mutation rate (as would be the case in many of the congenital aplastic
states because of the additional feature of genetic instability).

As shown in Figure 2, an identical somatic mutation could occur randomly in an otherwise
normal stem cell pool but because there is a low selection coefficient (the mutant cell exists in
a large pool of non-disadvantaged stem cells) clonal evolution would be less favored (Figure
2, pathway 1). This situation may explain how covert leukemic clones can be found during
normal fetal development yet not raise their heads even later in life.23 That is, these clones
have no advantage. However, if some degree of bone marrow failure were to develop in a way
that disadvantages the greater pool without influencing the mutant stem cell, the situation
changes greatly in favor of clonal evolution (Figure 2, pathway 2). This paradigm fits very
nicely with observations in humans and mice with acquired and inherited aplastic anemias.

Inherited Bone Marrow Failure Syndromes: Role of Cytokines in Selection

Aberrant interactions of IFNy and TNFa with stem cells are also features of the most well-
studied of the inherited aplastic anemias, Fanconi anemia (FA). Studies on hematopoietic cells
from children with Fanconi anemia and later in mice nullizygous for Fancc demonstrated not
only that FA-C cells release more TNFa in the ground state 4,25 put that FA-C progenitor
cells are inherently hypersensitive to apoptotic cues, including IFNy, TNFa, mipl-o and
TRAIL.26-28 Some of the mechanisms by which FA cells are hypersensitive to inflammatory
cytokines are being clarified. For example, for TNFa hypersensitivity in FA cells, two serine/
threonine kinases are important because their activity is influenced by FA proteins. The first
is the protein kinase PKR a key molecular effector of the anti-viral response and the second is
the apoptosis signal regulating kinase 1 (Askl).29'30 Additional work is required to determine
whether these pathways might be reasonable therapeutic targets.
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Overproduction of Cytokines

Not only are FA target cells hypersensitive to apoptosis inducing cytokines, auxiliary cells that
produce them have lower thresholds for cytokine release. Pang et al have reported that
Fancc™~ mice treated with Ips had higher mortality rates than wild type mice, had higher serum
levels of TNFa, IL-6, and MIP-2, and demonstrated hematopoietic suppression that could be
directly attributed to TNFo (anti-TNF antibodies protected FA target ceIIs).31 They also
showed that transplantation of hematopoietic stem cells from wild type mice protected

Fancc "~ mice from endotoxin-induced mortality, clari%/ing the key role played by auxiliary
cells of hematopoietic origin in the microenvironment. 1

In summary, stem cells in patients with both acquired and certain inherited aplastic anemias
are highly apoptotic and the signaling pathways, both within and external to stem cells, which
ultimately execute them, are very closely related. In acquired aplastic anemia the stress initially
comes from rogue clones of T-cells overproducing factors that result in stem cell death. In
Fanconi anemia the production of some of the same factors is increased because the normal
FA proteins set thresholds for cytokine production responses to cytokine-inducing factors in
auxiliary cells (e.g. in response to endotoxin31). In addition, the stem cell pool is inherently
hypersensitive to those factors because the normal FA proteins set their response thresholds
for responses to some of the very apoptotic cytokines overexpressed in auxiliary cells.2
Although the experimental evidence supporting stem cell stress in other inherited marrow
failure syndromes is not as robust, evidence is beginning to emerge supporting the idea that
the heterogeneous inherited mutations result in higher rates of stem and progenitor cell
apoptosis. 2-34 These pools of damaged stem cells are all perfect environments for the
selection of somatically mutated stem cell clones that have acquired the capacity to completely
ignore those apoptotic cues. These clones will have a huge competitive advantage when
compared to the highly disadvantaged reference population of stem cells. Therefore it is likely
that in all aplastic states the coefficient of selection is high in the stem cell pool.

The Nature of the Insult and the Adaptive Tactic Are Linked

Fortunately, the clonal adaptation/selection model can be best tested directly now that some
of the mechanisms that negatively impact stem cells are defined. Deductively, if the new clone
has to be more fit, the type of resistance they exhibit must be precisely to the key factor or
factors that put the stem cell pool under pressure in the first place. For example, if an aplastic
microenvironment packed with IFNy-producing T-cells provides the key selective pressure for
the emergence of a fit clone of stem cells, the clonal progeny ought to be IFN-resistant. Clinical
and laboratory observations have confirmed the accuracy of this notion.

Mosaicism; the Best Adaptive Response in Inherited Marrow Failure
Syndromes

Some patients with Fanconi anemia exhibit a phenomenon (“mosaicism”) of genetic reversion
in which one of the mutant FA alleles has been corrected in an hematopoietic stem cell. This
cell and all its progeny have gained fitness in a perfect (hot maladaptive) Way.‘?’5v36 That is,
the growth of clonal progenitors can be inhibited by cytokines but only at high doses (in the
way normal progenitors respond). In cases in which the entire hematopoietic organ includes
progeny of a stem cell corrected in this way, the occurrence of AML/MDS has not been
reported. Indeed, in a patient with incomplete mosaicism (a mixture of unfit and fit [reverted]
stem cell pools), clonal evolution has occurred in the uncorrected stem cell pool, not the
reverted one.37 These clinical observations are consistent with the importance of the selection
coefficient in stem cells. Even stronger evidence exists from systematic experimental studies.
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The most common somatic mutation in the context of acquired bone marrow failure is somatic
inactivation of the PIG-A gene and while the precise mechanisms involved are not completely
known, genome wide transcriptomal surveys of the PIG-A mutant progenitor cells indicate that
they are less apoptotic than the non-mutant cells (reviewed in )

MDS or AML clones that evolve in the context of aplastic anemia are characterized by non-
random chromosomal abnormalities, the most common of which are trisomy 8 and monosomy

7.38Cells bearing these abnormalities have a demonstrable advantage over the cells not bearing
these rearrangements.39 40 We have observed cytokine hypersensitivity in progenitor cells of
patients with Fanconi anemia but have found that progenitor cells from their affected siblings
who have clonal evolution! are resistant. That is, FA patients in the aplastic phase have
hypersensitive progenitors but clonal progenitors from the same patients studied later during
the MDS phase are resistant to precisely the same cytokines (TNFa and IFNy). In murine
models of FA, while stem cells and progenitors are hypersen3|t|ve to a varlety of cytokines
(reviewed in Bagby and Alter? ) neoplastic clones are resistant.

Variations on the Selection Theme

The adaptation/selection model of clonal evolution demands that the environmental factor
damaging the cells is the one to which the new clone is resistant but it doesn’t mean that the
change is sufficient to initiate the entlre leukemogenic process. The new clone may also be
resistant to other factors as well,4 3a phenomenon that would only make the neoplastic clone
even more capable of competing against the disadvantaged stem cells. Secondly, somatic
changes that lead to clonal evolution may not always be genetic because epigenetic events have
been described as factors in the evolution of hematologic neoplasms as well. In fact, genetic
loss and epigenetic silencing may cooperate in some instances. For example, in myeloid
leukemic clones with allelic losses due to chromosomal deletions, the retained allele can be
suppressed epigenetically44 resulting in a functional loss of heterozygosity.

Relevance of the clonal selection/adaptation model to clinical management

Choosing proper therapy

A number of advances in transplantation technology and supportive care have improved the
success rates of stem cell transplantation in primary therapy of aplastic anemia. 45-47 |
addition, the incidence of clonal evolution after immunosuppressive therapy is hlgh5 48 putis
lower in patients treated only with matched related donor bone marrow transplantatlon.5 In
addition, in patients treated only with immunosuppressive therapy, more instances of clonal
evolution have been found among those who had incomplete remissions and an ongoing
requirement for immunosuppression. 49-52 While loss of immune surveillance may play a
causal role in clonal evolution in such instances, there is to date no direct experimental evidence
in support of this. We believe that the physiological basis for the superiority of stem cell
transplantation (at least for patients under 41 years of age53) over immunosuppressive therapy
for acquired aplastic anemia is accounted for by the clonal selection model presented in Figures
1.B. and 2. Specifically, stem cell transplantation results not only in the replacement of stressed
and depleted stem cells but replaces the offending auxiliary cells (the stem cell suppressors)
as well. In patients treated with immunosuppressive therapy this model is also applicable
because the seminal difference between a responder and non-responder is that the coefficient
of selection has been altered in the former but not the latter. Clearly, for patients with a suitable
related donor the evidence-based path is bone marrow transplantation and in such cases it is
undesirable to use immunosuppressive therapy first. 45
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Therapeutic decisions in older patients are more difficult because complications of
transplantation are substantial. Such patients should be treated using clinical trials focusing on
improving complete response rates for immunotherapy or improving survival in recipients of
bone marrow transplantation. For all severe aplastic anemia patients ineligible for stem cell
transplantation the goal must be to terminate the immune attack altogether and thereby; (a)
normalize hematopoiesis and (b) lower the coefficient of selection for stem cells bearing
polymorphisms or mutations that make them much “more fit” than the pressured wild type
stem cell population. The cocktail and doses of immunosuppressive agents should be evidence-
based and the therapeutic goals should be aggressive. For example, if a patient treated with
ATG and cyclosporine A has an improvement in peripheral blood counts sufficient to reduce
their risk of intercurrent infections or bleeding but has not demonstrated normalization of blood
counts, ongoing or alternative immunosuppressive therapy should be considered. While it is
also essential to take care in balancing the risks of ongoing immunosuppression, this more
aggressive path has the potential advantages of lowering the incidence of relapse 52 and
reducing the coefficient of selection for new clones. Therefore, we propose that in patients
whose remission is incomplete, hematologists should resist temptations to reduce the
conventional doses of immunosuppressive agents used or to terminate immunsuppressive
therapy early based on strictly theoretical concerns about potential adverse events associated
with immunosuppression.

Conducting surveillance

For some of the inherited aplastic states, general surveillance guidelines are available (e.g. at
www.fanconi.org) and while they are helpful, the levels of certainty are not particularly high
because they are such rare conditions. For some cytogenetic rearrangements, the best action is
to do nothing because they are associated with a phenotype that rarely evolves to hematologic
neoplasia (e.g. isochromosome 7q in patients with Shwachman-Diamond syndrome). Other
chromosomal abnormalities, like duplications of chromosome 3q in FA patients, are more
ominous and predict leukemic transformations so ought to raise considerations of higher risk
stem cell transplantation options (reviewed in Guinan 54).

For patients with acquired aplastic anemia, there exist few formal surveillance guidelines.
Although transplanted patients and complete responders to immunosuppressive therapy have
fewer clonal events?® there is no certain way to identify all patients at risk for clonal disease.
48 Therefore, it is our opinion that even stable transfusion-independent patients should be
followed at least annually. In the population under surveillance, whether annual bone marrow
biopsies provide sufficient information to warrant their use is debatable. Clearly because of
technical considerations, bone marrow hypocellularity alone is not a meaningful data point.
However, marrow aspirates should be obtained not only as a tool to seek morphological
evidence of trilineage dysplasia but as a source of cells for the application of colony forming
unit or flow cytometric assays that can be used to identify ongoing evidence of hematopoietic
inhibitory T cell activation?2:9° and for cytogenetic analysis using conventional metaphase
methods and interphase FISH.

If there are signs that clones of potential significance are evolving (e.g. monosomy 7), medical
management and the pathways of surveillance must be altered in ways that best fit the medical
evidence. For example if a patient with an evolving monosomy 7 clone is being treated with
G-CSF along with immunosuppressive therapy, G-CSF should be discontinued and the clone
followed with more frequent surveillance.40:96 |f this approach doesn’t work, a novel
transplantation trial should be considered. On the other hand, patients with trisomy 8 can have
a more stable clinical course and high risk procedures may not be warranted on the grounds of
the cytogenetic defect per se.48
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The future of leukemia prevention research

Basic research

Much scientific and financial energy today focuses, for good reason, on developing targeted
therapies for leukemic disorders. Taking into account the recent evidence, reviewed above that
new clones arise in the context of an unfit cohort of stem cells, it is a perfect time to apply the
same systems, molecular, genetic and chemical biology approaches to the problem of clonal
evolution with the goal of preventing MDS and AML in patients at risk. Novel agents could,
by reducing apoptotic stresses on hematopoietic stem cell pool, lower the selection coefficient
and thereby lower the risk of clonal evolution. While this would require matching the screening
assay with the particular type of bone marrow failure syndrome, there is sufficient scientific
evidence that a stressed stem cell population is a major factor in the evolution of preleukemic
clones to warrant such an approach.

Use of new preclinical models

Reliable murine models now exist and will permit the assessment of new agents. For acquired
(autoimmune) aplastic anemia, the infusion of F1 mice with cells from parental lymph nodes
results in marrow failure and increases in serum IFNy. The F1 mice respond favorably to both
immunosuppressive therapy and neutralizing antibodies to IFNy and TNFa. 57 For Fanconi
anemia at least two tractable models of clonal evolution exist now. The first is one in which
murine Fanconi cells cultured ex vivo then transplanted into radiated reci |ents are at risk for
clonal evolutionl? a complication prevented by correcting the FA defect. 2 The second model
(Figure 3{ is one in which clonal evolution can be forced in vitro by exposing Fancc 7~ cells
to TNFa.11 These models will allow identification of small molecules that normalize responses
to stress factors like TNFa. Indeed, candidate molecular targets (e.g. TNFa, IFNy, reactive
0Xygen Species, 5p38 and JNK) have already been identified in preclinical models for acquired
aplastic anemia 7 and Fanconi anemia3L. The ultimate goal would be to reduce the impact of
unusual environmental stress factors on stem cells without reducing the responses of those cells
to normal regulatory factors.

Design of clinical prevention trials

Clinical trials designed to increase the number of completely responsive patients are warranted
because if the goal is achieved the relative risks of clonal evolution will likely decline.
However, it is equally important that long-term interventional trials be developed for patients
who have already received immunosuppressive therapy for aplastic anemia. The goal of these
studies must focus on the goal of reducing late morbidity and mortality including the relative
risk of clonal evolution. In light of the limited sensitivity of FISH and Giemsa banded
cytogenetic analyses, more sensmve methods now available for quantifying genetic losses and
gains ought to be exploned Identification of potential molecular targets for prevention can
also be addressed using systems biology approaches. They would necessarily include attempts
to define the emergent phenotypes associated with discrete cytogenetic rearrangements on a
genome-wide scale (as has been done with 59 cells44) and to establish robust target validation
analyses for interventional studies using new targeted agents.

Marrow Transplantation

In both acquired and inherited types of aplastic anemia, novel approaches to transplantation
ought to be developed because of the clear superiority of that approach in preventing clonal
evolution. Key limiting factors for transplantation are lack of perfectly matched donors, age
over 40 years, and the high transplant related mortality for recipients of mismatched marrows,
so increasing the safety of transplantation in the mismatch setting is an important objective.
To date there has been some improvement in outcomes using alternative donors for aplastic
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anemia. The improvement has evolved for a variety of reasons including: (1) the use of non-
TBI or low dose TBI-based conditionin regimen5,59'63 (2) the development of high-
resolution histocompatibility typing 64,05 ang (3) improvements in supportive care.66,6

In the future, for patients ineligible for transplantation three strategic research paths ought to
be considered. First, new immunosuppressive agents and combinations should be developed;
ones that induce a higher fraction of complete responses. The second investigative opportunity
is to identify or develop agents that suppress discrete apoptotic pathways in stem cells ignited
by the immune system (or by inherited mutations that reduce their fitness). The third
opportunity is to do both things; combine new immunosuppressive agents with agents that
lower the coefficient of selection by raising thresholds of adverse stem cell responses to the
activated immune system. This approach is no longer simply theoretically appealing. Robust
preclinical models now existLL that could facilitate this kind of approach and will clearly point
the way to agents that ought to be tested first.

Modulating responses to TNF

TNFa is a key mediator not only in aplastic anemia but in clonal evolution as described above.
This cytokine also plays a seminal role in the pathogenesis of other autoimmune diseases and
a number of agents targeting the TNFa pathway have been effective in controlling some of
them, including rheumatoid arthritis, psoriatic arthritis and inflammatory bowel disease.
68-72 The extensive use of these agents in humans to treat multiple disease states and relatively
good tolerance of these drugs makes them attractive options for management of the pro-
inflammatory state characteristic of aplastic anemia.

While there are little preclinical and clinical data for the use of these agents in the treatment
of marrow failure, the evidence supports consideration of these or like agents in the treatment
of this disease. In their mouse model of aplastic anemia, Bloom et al describe significant
improvement in survival in aplastic mice treated with TNFa blocking antibodies compared to
control mice.7 In addition, Dufour et al have recently reported the successful use of etanercept
in a child with refractory aplastic anemia.’

More importantly, because TNF is a kind of final common pathway, more work needs to be
done to identify the factors that underlie TNF overproduction and, in Fanconi anemia stem
cells, the characteristic TNF-hypersensitivity of stem cells. Natural modulators of the TNF-
response are being identified regularly and some of them not only function as nodal points that
determine whether the TNF-response will be cell survival or death /4 but play key roles in stem
cell maintenance.’ If dysfunction of such molecules underlies the pathogenesis of some
marrow failure states, they may prove to be ideal targets. Therefore, future approaches do need
to focus precisely on molecular pathogenesis in individual patients.

Blocking TNF-induced oxidative stress

TNFa stimulation leads to a rapid increase in intracellular levels of ROS, with multiple
downstream implications ending in activation of cell death (apoptosis and necrosis) pathways.
76-79 and in some instances, antioxidants can protect against TNFa induced cytotoxicity,
including in hematopoietic cells of Fanconi anemia knockout mice.31 Some anti-oxidants, like
N-acetyl cysteine, are safe to use in humans so use of this and other ROS scavengers may find
a place in the future management of TNFa-induced marrow injury and subsequent clonal
adaptation.

Other cytokine pathways of potential relevance

Additional biologic agents targeting other inflammatory cytokines, in particular IL-1, IL-6,
IL-15 and TNF superfamily members, in particular LIGHT, BlyS, APRIL, and RANKL, are
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currently in clinical trials for the treatment of rheumatoid arthritis and other inflammatory
diseases.81 It is fortunate for the bone marrow failure field that the search for additional agents
targeting these pathways is brisk.

From 10 to 20% of acquired aplastic anemia survivors will develop a clonal disease within the
decade following their diagnosis as will up to 40% of children and young adults with some of
the congenital marrow failure syndromes. A good amount of recent evidence from the disparate
fields of genetics, adaptation, stem cell biology, and hematopoiesis leads inescapably to the
conclusion that clonal evolution in aplastic states arises in the context of ongoing stem cell
damage through a process of clonal selection and adaptation. In the past two years this
theoretical paradigm has been validated in clinical and preclinical models robust enough to
inform surveillance strategies and reconsider therapeutic objectives in patients with aplastic
states and to support the planning and development of rationally designed leukemia prevention
trials in patients with bone marrow failure syndromes.
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Figure 1.

The fitness landscape for hematopoietic stem cells. A. A popular model of clonal evolution in
hematopoietic stem cells proposes that somatic mutations occur stochastically in hematopoietic
stem cells and that rare mutations of this kind confer upon the mutant stem cell (red) an inherent
proliferative/survival advantage over the non mutant (blue) stem cells. A key principle of this
model is that the non mutant stem cells are not unfit, at least at the time the new clone initially
evolves. The fitness differences between the evolving clone and the normal stem cell pool can
be described as a selection coefficient, here given a value of X. B. An alternative model, one
more consistent with studies on clonal evolution in the setting of marrow failure is one in which
the entire population of normal hematopoietic stem cells is unfit as a result of environmental
stress. A somatic mutant (red) stem cell has developed resistance to the specific environmental
stressor so remains fit while the remainder of the stem cell pool has become unfit as a result

of environmental stress. In this instance the coefficient for selection of the abnormal clone is
identical (X) to that of the model described in A.
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Figure 2.

Clonal evolution in acquired aplastic anemia. In the ground state, somatically mutated stem
cells do not expand because the mutation doesn’t confer upon that cell a selective advantage.
The coefficient of selection for clonal expansion of that cell is low. If the microenvironment
remains normal over time (pathway 1), no clonal expansion occurs because the
microenvironment is highly supportive of the majority of stem cells in the pool. That is, no
clonal evolution occurs in pathway 1 because the relative fitness differences between the
normal and mutant cells are trivial. If, however, T-lymphocytes arise that inhibit the replication,
expansion or survival of normal hematopoietic stem cells, and if the somatic mutation confers
upon a stem cell the capacity to resist the effect of the T cells (by resisting, for example, the
apoptotic effects of suppressive cytokines like TNFa and IFNy), then pathway 2 is most
relevant. During the development of aplasia, normal stem cells are suppressed but the mutant
one is not and, because the coefficient of selection for that cell is now high (as a result of a
decline in fitness of the normal stem cells) it can expand clonally. In some cases the very
cytokines that suppress the normal stem cells function to enhance the expansion of the mutant
clone. Under continued pressure from the aberrant T cell population, the neoplastic clone
preferentially expands over time while the less fit normal HSC are selected against. Not shown
in this figure is a theoretical process by which a mutant stem cell arises in a population only
after it is exposed to a hostile environment. This would meet strict genetic standards for a truly
“adaptive mutation” in which the hostile environment per se induces mutations some of which
permit an adaptive response to the environment. In light of the capacity of TNFa to induce
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oxidative DNA damage,82 this process is not simply a remote possibility. The coefficient of
selection idea would still be relevant here as well because relief of the environmental stress
(e.g. fully effective immunotherapy of aplastic anemia) might lower the coefficient in time to
prevent an outgrowth of adapted clonal progeny. Finally, in some cases the new clone is able
to subordinate the signals from the suppressive population and convert them to growth and
survival signals (represented by the dashed line leading from the T-cell in pathway 2). For
example, we have noted that in some cases of MDS arising in the context of bone marrow
failure, TNFa enhances the proliferation of clonal erythroid and myeloid progenitors, a
distinctly aberrant response.
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Figure 3.

Clonal evolution is adaptive. Fanconi anemia group C mutant cells are intrinsically
hypersensitive to the apoptotic effects of TNFa yet clonally evolved cells are resistant.41:42
Li et al'! tested the hypothesis that TNF exposure would change the fitness landscape
significantly enough to permit clonal evolution ex vivo. When mutant Fancc stem cells (Kit+,
Lin-, Scal+) were exposed to a combination of hematopoietic growth factors (HGFs) in
suspension culture they expanded logarithmically, then, as differentiated cells accumulated
cell counts declined. This proliferative capacity of stem cell progeny in vitro was slightly
suppressed in Fancc knockout mice, but the slope of the expansion curve did not differ from
that of stem cells from wild type mice. However, when the Fancc mutant cells were exposed
to both growth factors and TNFa (to which they are intrinsically hypersensitive), there was
little expansion at all until late in culture. At this late time point (A) cells that began to proliferate
in the face of ongoing TNFa exposure exhibited clonal cytogenetic abnormalities, were TNF
resistant, and, when injected into sublethally radiated mice, gave rise to acute myelogenous
leukemia.
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