EBioMedicine 26 (2017) 17-24

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.ebiomedicine.com

Review
Proposed Terminology and Classification of Pre-Malignant Neoplastic 1)
Conditions: A Consensus Proposal*

Peter Valent **, Cem Akin °, Michel Arock ¢, Christoph Bock ¢, Tracy I. George !, Stephen J. Galli &, Jason Gotlib ",
Torsten Haferlach !, Gregor Hoermann ¢, Olivier Hermine”, Ulrich Jiger ¢, Lukas Kenner *'™, Hans Kreipe ",
Ravindra Majeti °, Dean D. Metcalfe P, Alberto Orfao 9, Andreas Reiter ', Wolfgang R. Sperr ¢, Philipp B. Staber °,
Karl Sotlar ®, Charles Schiffer , Giulio Superti-Furga d Hans-Peter Horny “

@ Department of Internal Medicine I, Division of Hematology & Hemostaseology, Ludwig Boltzmann Cluster Oncology, Medical University of Vienna, Vienna, Austria
b Division of Allergy and Clinical Immunology, University of Michigan, Ann Arbor, MI, USA

€ LBPA CNRS UMRS8113, Ecole Normale Supérieure de Cachan, Cachan, France

4 CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria

¢ Department of Laboratory Medicine, Medical University of Vienna, Vienna, Austria

f Department of Pathology, University of New Mexico, Albuquerque, NM, USA

& Department of Pathology and Stanford Center for Genomics and Personalized Medicine, Stanford University School of Medicine, Stanford, CA, USA,

" Stanford Cancer Institute, Stanford University School of Medicine, Stanford, CA, USA,

! MLL Munich Leukemia Laboratory, Munich, Germany,

J Imagine Institute Université Paris Descartes, Sorbonne, Paris Cité, Centre national de référence des mastocytoses, Paris, France

X Department of Pathology, Medical University of Vienna, Austria

! Ludwig Boltzmann Institute for Cancer Research, Vienna, Austria,

™ Institute of Laboratory Animal Pathology, University of Veterinary Medicine Vienna, Vienna, Austria

™ Institute of Pathology, Hannover Medical School, Hannover, Germany

© Department of Medicine, Division of Hematology, Cancer Institute, Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of Medicine, Stanford, CA, USA
P Laboratory of Allergic Diseases, NIAID, NIH, Bethesda, MD, USA

4 Servicio Central de Citometria, Centro de Investigacion del Cancer and Department of Medicine, University of Salamanca, Spain,

" Department of Hematology and Oncology, University Medical Centre Mannheim, University of Heidelberg, Mannheim, Germany,

* Institute of Pathology, Paracelsus Medical University Salzburg, Salzburg, Austria,

t Division of Hematology/Oncology, Department of Oncology, Karmanos Cancer Institute, Wayne State University School of Medicine, Detroit, MI, USA
Y Institute of Pathology, Ludwig-Maximilian University, Munich, Germany

ARTICLE INFO ABSTRACT
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chance in apparently healthy individuals. The same lesions may be detected in pre-malignant clonal conditions.
In some patients, these lesions may never become relevant clinically whereas in others, they act together with
additional pro-oncogenic hits and thereby contribute to the formation of an overt malignancy. Although some
pre-malignant stages of a malignancy have been characterized, no global system to define and to classify these

gfﬂ;ﬁ;mm states conditions is available. To discuss open issues related to pre-malignant phases of neoplastic disorders, a working
Neoplastic stem cells conference was organized in Vienna in August 2015. The outcomes of this conference are summarized herein and
Clonal evolution include a basic proposal for a nomenclature and classification of pre-malignant conditions. This proposal should
Cancer assist in the communication among patients, physicians and scientists, which is critical as genome-sequencing

will soon be offered widely for early cancer-detection.
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1. Introduction develop diagnostic algorithms and predictive scores that will support

Cancer evolution is a step-wise process that involves multiple molec-
ular defects, and is characterized by clonal diversification, sub-clone selec-
tion, and clonal expansion (Cahill et al., 1999; Greaves and Maley, 2012;
Nowell, 1976; Vogelstein and Kinzler, 1993; Yates and Campbell, 2012).
Inherited (germline) lesions, mutagenic factors, epigenetic events, and
the (deregulated) immune system may contribute to cancer evolution,
and all these factors may act together to drive carcinogenesis
(Alexandrov et al., 2013; Baylin and Jones, 2011; Bodian et al., 2014;
Negrini et al,, 2010; Pan et al,, 2014). In many disease-models, cancer evo-
lution is a long-lasting process that involves multiple phases. Early stages
are often silent clinically and either not detectable or detected by chance
in apparently healthy individuals (Busque et al., 2012; Genovese et al.,
2014; Laurie et al., 2012; Martincorena and Campbell, 2015). Other
early stages may be identified through a clinically relevant (triggering)
mediator, such as a vasoactive peptide or amine, produced by clonal
cells (Akin et al., 2007; Giilen et al., 2014; Pelosof and Gerber, 2010).

In this early phase of cancer evolution, pre-malignant, self-renewing neo-
plastic stem cells are slowly cycling or dormant, and the resulting sub-clones
are usually too small to be detected histologically (Corces-Zimmerman and
Majeti, 2014; Pandolfi et al., 2013; Valent et al., 2013). In the next phase,
the clonal condition forms slowly expanding, ‘indolent’ lesions that may
still be overlooked clinically, but are usually detected by histology when
the affected organ is examined in sufficient detail. Over time, one or more
sub-clone(s) acquire(s) additional molecular lesions, and once a sufficient
number of (driver) lesions have accumulated, the affected sub-clone(s)
will expand and lead to a histologically visible neoplasm. Remarkably, such
overt (large-sized) neoplasms may still exhibit an indolent course for a cer-
tain time period (months to years) before additional somatic lesions convert
the disease into an aggressive malignancy (Ashkenazi et al., 2008; Baylin and
Jones, 2011; Brosnan and lacobuzio-Donahue, 2012; Gerlinger et al., 2014;
Marusyk et al,, 2012; Vogelstein and Kinzler, 1993).

Over the past few years, a number of projects have been initiated to
explore whole genome profiles in healthy people or individuals at risk
for development of cancer or other diseases (Altman, 2013; Jaiswal et
al., 2014; Jaiswal et al., 2017; Khoury et al., 2003; Vassy et al., 2014;
Yang et al., 2013). In most instances, blood cells are tested and are the
subject of intensive research in this field. Indeed, it has been described
that several mutations in critical target-genes, such as DNMT3A or
TET2, are detectable in leukocytes in a group of healthy donors or
those with ‘skewed’ hematopoiesis without evidence of an overt bone
marrow neoplasm (Busque et al., 2012; Genovese et al., 2014; Jaiswal
et al,, 2014, Jaiswal et al., 2017; Laurie et al., 2012; Martincorena and
Campbell, 2015). Although these conditions bear a certain risk for the
development of a myeloid neoplasm and to develop cardiovascular dis-
orders, the outcome in individual subjects is unpredictable and it thus
remains uncertain how to classify and manage these conditions.

Based on these developments it is important and necessary to pre-
pare sufficient screening programs, to standardize technologies, and to

the management of ‘healthy’ individuals exhibiting somatic lesions.
However, before such algorithms and management recommendations
can be proposed, it is imperative to establish a basic nomenclature and
common language through which these conditions are classified and
explained to affected persons and physicians. To date, no global termi-
nology and no generally accepted proposal to standardize evaluations
and management strategies in affected individuals is available.

On the occasion of commemorating the 100th anniversary of the
death of Paul Ehrlich, the Vienna Cancer Stem Cell Club and the Medical
University of Vienna organized a working conference to discuss open is-
sues related to pre-malignant neoplastic states in August 2015. The out-
comes of this discussion are summarized herein together with a basic
proposal to classify pre-malignant stages of cancer evolution. A detailed
description of the consensus discussion and the consensus-making pro-
cess are provided in the supplemental appendix. In the future, our pro-
posal may be revised and adjusted to various disease models and organ
systems, and may provide a useful communication-platform for physi-
cians, scientists, and affected individuals.

2. Historical Overview

A detailed historical overview is provided in the supplement. In the
second half of the 20th century, a robust multi-hit theory of cancer evo-
lution was established. Later, a nomenclature of premalignant (indo-
lent) and aggressive (malignant) conditions was proposed and was
adopted by the World Health Organization (WHO). An example for an
early premalignant condition defined by a molecular abnormality is
monoclonal gammopathy of uncertain (unknown) significance
(MGUS) (Kyle, 1995; Davies et al., 2003). More recently, similar condi-
tions have been proposed for early pre-phases of myeloid neoplasms
defined by certain somatic mutations (Jaiswal et al., 2014; Steensma
et al., 2015). These cases highlight the fact that even the earliest molec-
ular events that occur during cancer evolution may be detected by sen-
sitive testing for somatic mutations.

However, several questions remain. For example, it remains unknown
whether a clonal pre-malignant process has the ability to progress in the
absence of any detectable somatic mutation. Is every somatically mutated
cell capable of producing a persistent lesion? Based on the model of can-
cer stem cells, only cells with self-renewal capacity should have the ability
to produce a permanent lesion (neoplasm). However, some of the somat-
ic lesions that are acquired may ‘reprogram’ more mature target cells into
real ‘neoplastic stem cells’ with unlimited growth capabilities. In some in-
stances, the lesion may be too small to follow or may seemingly disappear
(but in fact persists in small clones).

Despite these uncertainties the faculty agreed that a persistent so-
matic mutation is highly indicative of a stable clonal process (derived
from neoplastic stem cells) that bears a theoretical potential to develop
into a neoplastic condition (provided that the lesion persists in the fol-
low up). Based on this assumption, current knowledge about cancer
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biology, and outcomes of our conference, the following definitions are
proposed.

3. Basic Definitions: Normal, Reactive, Clonal, Neoplastic, Malignant

In healthy tissues, normal stem cells undergo proliferation, self-re-
newal, and differentiation with subsequent maturation. These three
processes are tightly regulated and are adjusted precisely to the de-
mand to replenish mature end cells in a given organ (Knoblich, 2008;
Manz and Boettcher, 2014; Wilson et al., 2009). In regenerative and re-
active states, the turnover rate may increase to guarantee the produc-
tion of a sufficient number (often transient excess) of terminally
differentiated cells (Manz and Boettcher, 2014). In such states, the over-
all response is considered polyclonal and physiologic, even if somatical-
ly mutated clones (if present) may also expand transiently.

As assessed by morphology and/or histology alone, it may be diffi-
cult to distinguish between ‘pure reactive’ and ‘early neoplastic’ condi-
tions, especially when no definitive cell atypia is present. In these
cases, molecular markers and phenotypic studies are often employed
and may assist in the final diagnosis. However, even in the presence of
a molecular lesion, the nature and prognosis of the condition may not
always be clear, especially when only a few cells appear to be mutated
and no follow up is available. In this regard it is also noteworthy that
in some neoplastic states, like Hodgkin lymphoma, the malignant cells
represent only a minor fraction of the total expanded lymphoma mass.

Based on our current understanding of how a neoplasm develops,
any somatic (molecular or cytogenetic) lesion that is detected must be
regarded as an indication of a clonal process with certain neoplastic po-
tential, provided that it i) persists (demonstrable at repeated time
points), ii) has a pro-oncogenic potential, and iii) is expressed in a rele-
vant type and number of cells. For example, based on available guide-
lines, demonstration of (only) one single abnormal metaphase is
insufficient to define a (relevant) clone in cytogenetic studies (Simons
et al., 2013). The following definitions should delineate between nor-
mal, reactive, neoplastic, neoplastic-pre-malignant, and malignant
(aggressive):

Physiologic cells are normal or reactive cells defined as normal-
appearing and normal-behaving cells that contain a genome that is
not different from the genetic background (germline) of the individual
examined by conventional sequencing analysis and/or karyotyping. ‘Re-
active’ cells are defined by i) a normal or slightly abnormal morphology
(no major cell atypia) with or without abnormal cell composition (e.g.
an increase in immature cells in reactive states: e.g. left shifted reactive
myelopoiesis, hyper-regenerative states), by ii) being related to a trig-
gering (reversible) event, and by iii) possessing a genome that is not dif-
ferent from the genetic background by conventional sequencing
analysis and karyotyping.

‘Clonal’ (‘monoclonal’) cells are defined by the presence of at least
one somatic mutation (lesion) that is detectable by conventional se-
quencing or karyotyping in affected cells (sometimes with clonal viral
integration into the genome, e.g. EBV), but is not detectable in the
germline of the affected individual. If no such lesion is found, the cells
may still be clonal and pathologic (abnormal) in nature which may be
documented i) by histomorphologic criteria or ii) indirectly by pheno-
typic or functional studies. However, with increasing sensitivity, se-
quencing studies are expected to reveal somatic aberrations in most if
not all clonal states within the near future. Depending on the involve-
ment of (neoplastic) stem cells and their ability to escape immune sur-
veillance as well as the presence of triggering factors (integrating
viruses, bacteria, inflammation, etc.) such monoclonal cells may or
may not persist. In some instances, the size of the clone may be small
and thus only be detected transiently during a reactive process and
then may (seemingly) ‘disappear’.

Only persistent clonal cells should be regarded as neoplastic because
only these cells have a certain potential to produce an overt neoplasm.
As aresult, ‘neoplastic’ is defined by the presence of at least one relevant

somatic lesion in (a relevant number of) abnormal cells that persist.
Neoplastic cells always contain a stem cell compartment and may or
may not be (or become) clinically relevant. Clinically relevant neoplastic
cells may produce i) a paraneoplastic condition (only), ii) an indolent
(pre-malignant) neoplasm, or iii) an overt malignancy (aggressive
neoplasm).

Neoplastic cells (and their stem cells) can be divided into ‘pre-malig-
nant’ cells and ‘malignant’ (neoplastic) cells. Similarly, clinically detect-
able neoplasms should be divided into pre-malignant (indolent or non-
aggressive) neoplasms and malignant (aggressive) neoplasms, general
concepts also propagated by the WHO. As long as no aggressive neo-
plasm can be diagnosed, the cells and the related condition (neoplasm)
should be termed pre-malignant or indolent, and the neoplastic cells
that form these lesions should be termed pre-malignant neoplastic
cells. Examples of pre-malignant neoplastic conditions are adenomas,
indolent lymphomas, indolent systemic mastocytosis, or early stages
of myeloproliferative neoplasms (MPN). However, pre-malignant
(stem) cells have a certain potential to transform into fully malignant
(stem) cells after a variable latency period.

Malignant neoplastic cells (cancer cells) are defined by their ability
to produce an overt malignancy (cancer). Clinically, the term ‘aggres-
sive’ or ‘malignant’ is usually associated with overt (and often rapid)
organ damage. As a result, aggressive (malignant) neoplasms are

Table 1
Definitions and proposed terminology of pre-malignant and malignant cells.

Operative term Definition and criteria

Normal cells® Cells with normal gene composition, normal morphology,
and normal function; no somatic lesions are found and the
germline background is normal or it is abnormal but does
not interfere with morphology or function of these cells
[even if being disease-triggering in other organs®].

The same definition and criteria apply as for normal cells,
but cell composition within an organ may be altered
and/or slight deviations in morphology and/or numbers of
cells are detected. In most cases a triggering reactive
process is found.

Persistent or non-persistent cells that harbor one or more
somatic lesions (mutations) that are/is not detected in the
germline in the same patient. In the absence of any visible
mutation, the clonal nature of cells may still be confirmed
or at least proposed by other established assays, such as
immunofixation (to detect a paraprotein), PCR detection of
IGH, IGL, or TCR gene rearrangements in case of lymphoid
cells and clonal virus integration in the genome in
viral-associated neoplasms; or by immunophenotyping in
certain hematologic neoplasms®.

Monoclonal cells (same definition as above) that persist
and are thus detectable in repeat testing in follow
up.Neoplastic cells always contain a (neoplastic) stem cell
compartment. Neoplastic (stem) cells either form an overt
neoplasm or have a (variable) potential to develop a
neoplasm over time. Neoplastic cells can be divided into
pre-malignant and malignant neoplastic cells

Neoplastic cells (definitions/criteria as above) that form no
visible (sometimes an occult) or a visible neoplastic
condition that behaves as an indolent (= pre-malignant)
disease. Most pre-malignant neoplastic conditions have a
variable (often unpredictable) potential to transform into a
fully malignant/aggressive neoplasm (cancer).

Neoplastic cells that comprise a clinically overt malignancy
(cancer, acute leukemia, aggressive lymphoma, etc.). In
many instances, these cells exhibit a highly abnormal
morphology, multiple molecular lesions, and a relatively
high proliferation rate. In solid cancers, malignant cells
often grow in an invasive manner. In each instance, the
expansive growth is usually associated with overt organ
damage.

Reactive cells®

Clonal cells

(Monoclonal cells)

Neoplastic cells

Pre-malignant
Neoplastic cells

Malignant cells (=
Cancer cells)

2 Normal and reactive cells can be collectively referred to as ‘physiologic cells.

b Example: HFE gene mutated leukocytes.

¢ Examples are expression of CD5 on B cells in B chronic lymphocytic leukemia, or ex-
pression of CD25 on mast cells in systemic mastocytosis.

4 Detectable for at least 3 months.
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defined by the potential lethality in their natural clinical course (with-
out therapy). However, it is worth noting that rarely also indolent (pre-
malignant) neoplasms can produce a lethal condition, for example, a
benign meningioma that results in death because of its growth in a crit-
ical region of the brain or a myelodysplastic syndrome (MDS) with se-
vere cytopenia resulting in septicemia. A summary of axiom
definitions is provided in Table 1.

4. Defined Phases of Cancer Evolution

For a number of cancer/leukemia types defined by a specific driver
mutation, such as BCR-ABL1 + chronic myeloid leukemia (CML), six
phases of cancer evolution have been postulated (Valent, 2011; Valent
et al, 2012b) (Fig. 1). The genetic background (germline) can be
regarded as Phase “0” and as such can contribute to a (familial) predis-
position for cancer evolution, either by lack of a tumor suppressor or by
pro-oncogenic gain-of-function mutations in critical target genes
(Astuti et al., 2012; Brugieres et al., 2012; Dessars et al., 2009;
Gustafson et al., 2015; Hinds et al,, 2016; Lapunzina et al., 2014;
Spinner et al., 2014). Phase 1 is a pre-malignant phase where a persis-
tent clonal (somatic) lesion is present in small-sized clones, but no dis-
ease-specific aberration and no overt neoplasm is found. Examples are
healthy individuals with DNMT3A or TET2 mutations (at low variant al-
lele frequency, VAF) or other mutations (at low VAF) that are (per se)
not able to create a malignancy. This phase is usually overlooked with
current screening assays, but is expected to be detected in many indi-
viduals in the future through the broad application of large-scale (and
high sensitive) genome sequencing studies.

An important aspect is that clonal hematopoiesis increases with age
(Busque et al., 2012; Jaiswal et al., 2014, Jaiswal et al., 2017). Therefore,
this condition has also been referred to as age-related clonal hematopoi-
esis (ARCH) (Jaiswal et al., 2014). However, it remains unknown wheth-
er this early potential pre-phase of a neoplasm is associated with the
natural process of aging. Indeed, during the process of aging, our cells
may gradually shift from a polyclonal to a (more and more) restricted,

Phase of ! I 1

oligo-clonal and subsequently a mono-clonal (somatic) state in various
organs.

Another interesting aspect is that this early phase of cancer evolu-
tion may become clinically relevant and visible many years after an
overt malignancy (with a distinct driver mutation) was detected, for ex-
ample, when the dominant (driver +) sub-clone(s) had been eliminat-
ed by therapy and a relapse with a new driver lesion occurs. Examples
are JAK2 V617F-negative secondary acute myeloid leukemia (AML) in
patients with JAK2 V617F + MPN or a BCR-ABL1-negative blast phase
in BCR-ABL1 4 CML. Finally, such early lesions may trigger clinically rel-
evant non-neoplastic disease processes such as cardiovascular disorders
(Jaiswal et al., 2014; Jaiswal et al., 2017).

Phase 2 is defined by (a) persistent disease-related somatic driver le-
sion(s) in small-sized clones. Examples are minimal amounts of BCR-
ABL1 or JAK2 V617F in apparently healthy individuals (Biernaux et al.,
1995; Passamonti et al., 2007). These clones may be detected by chance
or remain undetected for some time until the clone expands in size. In
other cases, the clone-size remains small over years or even decades, es-
pecially when no or only a few additional mutations are acquired. In
other words, driver lesions are not necessarily capable of producing an
overt neoplasm unless additional lesions are acquired by the driver-ex-
pressing sub-clones. In this regard it should be mentioned that many
driver lesions, such as KIT D816V, induce survival and differentiation
rather than proliferation in stem cells (Mayerhofer et al., 2008). Howev-
er, after a certain latency period, one or more sub-clones acquire addi-
tional lesions and hits, and then expand.

In Phase 3, the clonal process comprising one or more lesion(s) has
replaced some or most of the normal organ, and sometimes even
mimics the organ, such as in very early chronic phase CML (normal leu-
kocyte counts), early stages of a follicular lymphoma, very early stages
of JAK2 V617F 4 neoplasms, or early stages of adenomas. As assessed
by morphology, the mutated cells may or may not show atypia in cyto-
logical and/or histomorphologic analyses. In Phase 4, an overt but pre-
malignant neoplasm is detected by clinical, laboratory, and
histomorphologic (WHO) criteria. Examples are non-invasive local (in

Cancer Evolution ‘—‘—H—l—” |

(CSC Evolution)

Normal
Stem Cell

Initial
Event

Early

Lesions Lesions

Premalignant
Neoplastic SC

|:| csc

Prominent
of Cancer

First Driver

Additional
Lesions

Complex Multi-
Lesion Patterns

Fig. 1. Model of cancer evolution an initial transforming event (Initial Event) converts a normal stem/progenitor cell into a somatically mutated clonal stem cell. In case the stem cell can
survive and retains self-renewal capacity, it has become a neoplastic premalignant stem cell (Early Lesions). Usually, these cells are slowly cycling cells or dormant cells and contain
passenger mutations. After several years or decades, the resulting clone has acquired first driver lesions and expands and may have replaced some or most of the polyclonal cells in the
normal organ (First Driver Lesions). At that time, neoplastic cells and normal cells are often indistinguishable by morphology or in functional terms. In a next step, one or more sub-
clones acquire additional driver-lesions (Additional Lesions). Depending on the type of lesion and the type of preformed clones and their passenger signature, the resulting new
subclones may either expand immediately, or may again reside in a slowly cycling or even dormant stage. In these patients, the driver mutation may or may not be detectable
depending on the size of the affected sub-clones. However, as soon as additional driver lesions have been acquired, the resulting sub-clones can finally expand and replace the normal
organ (Complex Multi-Lesion Patterns). In many cases, the created neoplasm may still behave as an indolent driver-positive neoplasms for some time. However, unless treated, many

of these conditions will finally progress to an aggressive malignancy.
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situ) carcinomas, overt chronic phase CML, or early stage indolent
lymphomas.

Phase 5 is characterized by a more diffuse or invasive growth and/or
clinical and laboratory signs of acceleration/progression (example: ac-
celerated phase CML, aggressive lymphomas, invasive carcinoma).
Phase 6 is a terminal stage of an advanced malignancy that usually con-
sists of mainly immature cells (often with high proliferation rate) and is
usually resistant to conventional therapies (examples: secondary AML,
blast phase of CML, metastatic carcinoma, aggressive therapy-resistant
lymphomas, mast cell leukemia and others). It should be noted, howev-
er, that sometimes, earlier phases of a malignancy may also cause life-
threatening conditions (examples: unresectable cerebral tumor or
MDS). The six proposed phases of cancer evolution are shown in Fig. 1
and Table 2.

5. Proposal for the classification of pre-malignant conditions

Whereas axiom definitions and related theories about cancer evolu-
tion may be essential to establish a theoretical model as a basis for our
understanding of how cancer evolution can be evaluated in the context
of genome-wide aberration-profiles, it is equally important to provide
an appropriate communication-system and solid nomenclature to phy-
sicians and scientists who (will) have to deal with a rapidly increasing
number of referrals of clonal pre-malignant conditions in daily practice

Table 2
The six phases of cancer evolution and clinical correlates.

Phase Biologic status Clinical correlates (examples)

0 Genetic Background (SNPs,
mutations, absent TSGs)

I Somatic evolution: step-wise
acquisition of somatic passenger
lesions over time (during aging)

Familial predispositions and familial
clustering of cancer
Passenger mutations found in
healthy individuals; e.g. CHIP with
DNMT3A mutation; or clonal IGH/IGL
or TCR gene rearrangements (but
without a morphologic or
phenotypic correlate)
Low levels of JAK2 V617F or
BCR-ABL1 in apparently healthy
individuals; or clonal persistent
BCL2 rearrangements in healthy
individuals (CHOP);
microadenomas, BRAF-mutated
pigment-lesions in the skin,
small-sized T cell or B cell clones
with aberrant specific
immunophenotype
1 Expansion of sub-clones carrying Indolent neoplasms, pre-invasive
driver lesions - until replacement of carcinomas, early stages of indolent
the normal organ system, but no NHL, in situ indolent NHL; LR-MDS;
evidence of invasive or aggressive early chronic phase CML, early
expansion; in many instances, stages of JAK2-mutated MPN;
neoplastic cells replace the normal  indolent systemic mastocytosis
tissue/organ
v Overt expansion beyond the Chronic phase CML; overt MPN;
affected organ system; but may still MDS, minimal invasive tumors;
be more or less indolent overt indolent NHL; smoldering
systemic mastocytosis

I Acquisition of driver lesions in
small-sized sub-clones

\Y Aggressive/advanced malignancy”  Accelerated CML or MPN; local solid
tumors/carcinoma; grade Illa FL,
myeloma, aggressive systemic
mastocytosis

VI Progressive malignancy® Metastatic ~ Blast phase of CML, (secondary)

cancer AML, grade IIIb FL, aggressive NHL;
mast cell sarcoma, mast cell
leukemia; metastatic solid

tumor/carcinoma

¢ In some phase V/VI malignancies such as aggressive NHL or mast cell leukemia, the
previous (preceding) phases of cancer evolution remain undetected in most patients. Ab-
breviations: CHIP, clonal hematopoiesis of indeterminate potential; CHOP, clonal hemato-
poiesis with substantial oncogenic potential; NHL, Non Hodgkin lymphoma; LR-MDS, low-
risk myelodysplastic syndrome; CML, chronic myeloid leukemia; MPN, myeloproliferative
neoplasm; AML, acute myeloid leukemia; FL, follicular lymphoma.

as whole (or large scale) genome sequencing will soon be implemented
in health care systems. A key to the development of such a nomencla-
ture is our knowledge about the likelihood a clonal condition will prog-
ress to an overt malignancy after a certain time-interval. Unfortunately,
in many (if not most) instances the actual risk is not known for individ-
ual somatic mutations and various combinations of lesions. However,
there are certain mutations in critical driver genes that have been asso-
ciated with a quite substantial risk of cancer evolution. Good examples
are BCR-ABL1 and JAK2 V617F in myeloid neoplasms, RAS mutations in
colon and pancreatic cancer, BRAF mutations in thyroid cancer, melano-
mas, and hairy cell leukemia, or BRCA1 and BRCA2 mutations in ovarian-,
breast-, and prostatic carcinomas.

These lesions may occur in apparently healthy individuals without
any histological signs or clinical symptoms, but the risk of disease man-
ifestation must be considered as substantial or even high. Therefore,
these mutations, if somatic and persistent, should be regarded as associ-
ated with a high oncogenic potential, and should thus be separated from
other (more passenger-type) lesions with apparently lower risk. For
such other lesions with unknown or lower risk, the recommendation
is to call the condition ‘clonal condition of undetermined (unknown)
clinical significance’ or ‘clonal condition of indeterminate clinical poten-
tial'. An example would be clonal hematopoiesis of indeterminate po-
tential (CHIP) (Steensma et al., 2015). However, in the case of a
‘higher risk mutation’, the nomenclature should change to a more defin-
itive term, such as ‘clonal hematopoiesis with substantial oncogenic po-
tential’ (CHOP) provided that the clonal cells expressing the mutation
are persistent and the (higher) VAF is indicative of a relevant number
of affected cells. Still, however, the actual risk of progression from clonal
hematopoiesis to an overt neoplasm remains to be determined for var-
ious somatic mutations, for the VAF burden (in each type of lesion) and
for various lesion-combinations, in larger studies. In addition, the clini-
cal impact of each mutation (and mutation-pattern) has to be based on
additional clinical and laboratory parameters, including mutagenic events,
age, co-morbidities and the overall situation in each case. Examples of
conditions that may fulfil CHIP or CHOP criteria are listed in Table 3.

In another group of patients, the morphology or numbers of affected
cells may be abnormal, but definitive criteria for an overt neoplasm or a
malignancy are not (yet) met, even if a somatic lesion is detected. Exam-
ples are an increase in (clonal) lymphocytes or plasma cells without his-
tologic evidence or criteria qualifying for a lymphoproliferative disease,
idiopathic cytopenia of undetermined significance (ICUS), or idiopathic
eosinophilia of unknown significance (HE-US). Again, the final termi-
nology may depend on the presence and type of molecular lesion(s) de-
tected and the number and types of cell(s) involved.

For example, hypereosinophilia (HE) without any molecular aberra-
tion or marker and without organ damage may well be called HE-US
(Valent et al., 2012a). However, even a slight eosinophilia with docu-
mented expression of FIP1L1-PDGFRA in neoplastic cells should not be
called a condition of undetermined significance (US), even if no organ
damage is seen, simply because the risk for such a patient to develop
clinically significant organ damage (e.g. cardiac thrombosis/fibrosis) or
blast phase over time is high (Gotlib and Cools, 2008; Valent et al.,
2012a; Metzgeroth et al., 2013). In these patients, the primary diagnosis
by WHO criteria is a myeloid or lymphoid neoplasm with rearranged
PDGFR and further investigations define the underlying histopathologic
diagnosis (Gotlib and Cools, 2008; Valent et al., 2012a). If no such diag-
nosis can be established and no marked eosinophilia is present, the con-
dition should be termed clonal hematopoiesis (eosinophilia) with
FIP1L1-PDGFRA and evident oncogenic potential (CHOP). This is of par-
ticular importance as early treatment with low-dose imatinib is usually
sufficient to prevent eosinophil-induced organ damage in these patients
(Gotlib and Cools, 2008; Metzgeroth et al., 2013). Examples for early
clonal lesions and other related premalignant conditions as well as po-
tential mechanisms underlying clonal stability, instability and progres-
sion from pre-malignant to malignant conditions are discussed in the
supplement. In addition, the supplemental appendix contains a
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Table 3
Examples of molecular and cytogenetic lesions (hematology-context) detectable in appar-
ently healthy individuals and correlation with proposed terminology.

Term Molecular correlate Examples at Risk for
CHIP  Early mutations and cytogenetic lesions TET2 mutation Myeloid
that may be detected in healthy neoplasms
individuals (passenger lesions”) DNMT3A mutation ~ Myeloid
neoplasms
GNAS mutations Myeloid
neoplasms
ASXL1 mutations Myeloid
neoplasms
SF3B1 mutations Myeloid
neoplasms
PPM1D mutations ~ Myeloid
neoplasms
IGH-rearrangement B cell
neoplasms
TCR-rearrangement T cell
neoplasms
-Y BM
neoplasms
CHOP Disease-determining mutations and BCR-ABL1 p210 CML
related karyotype anomalies (driver JAK2 V617F MPN
lesions”™) FIP1L1-PDGFRA, del ~ CEL/HES
CHIC2
KIT D816V SM
RUNX1- RUNX1T1 ~ AML
CBF3-MYH11 AML
FLT3 ITD mutations AML
KRAS, HRAS AML
mutations
BCL2-IGJ(H) FL
IGH-CCND1 MCL
—7,+854-, ... MDS/AML
t(8;21), inv16, ... AML
t(9;22) CML
t(14;18) FL
t(11;14) MCL
t(8;14) Burkitt
NHL

* Depending on germline patterns, affected cells and organs, and additional lesions, so-
called passenger lesions may become drivers of oncogenesis, and vice versa, some of the
drivers may be detected over decades without visible signs of tumor formation. Therefore,
the terms ‘driver’ and ‘passengers’ lesions (mutations) should be used with caution and al-
ways in the context of the overall situation in each patient. Abbreviations: CHIP, clonal he-
matopoiesis of indeterminate clinical potential; CHOP, clonal hematopoiesis with
substantial oncogenic potential; CML, Ph + chronic myeloid leukemia; CEL, chronic eosin-
ophilic leukemia; HES, hypereosinophilic syndrome; SM, systemic mastocytosis; AML,
acute myeloid leukemia; FL, follicular lymphoma; MCL, mantle cell lymphoma; TCR, T cell
receptor; IGH, immunoglobulin heavy chain gene.

discussion of the new concept in the context of premalignant and malig-
nant neoplastic stem cells. The role and impact of neoplastic stem cell
classes in the evolution of premalignant and malignant conditions (can-
cer) is shown in Fig. 1.

6. Impact of the Proposal on Daily Practice and Health Care
Strategies

In the past few years, major attempts have been made to develop
large-scale genome sequencing technologies for use in daily practice
in various disease models (Altman, 2013; Jaiswal et al., 2014; Khoury
et al., 2008; Lynch et al., 2007; Malhotra, 2014; Vassy et al., 2014;
Wang et al., 2015). Such advanced technologies will in the near future
be used routinely in patients with suspected or overt malignancies. In
addition, these techniques will soon be applied for early cancer detec-
tion in apparently healthy individuals. As a consequence, many healthy
individuals will undergo large-scale genomic sequencing; and many
will be informed that they are ‘carriers’ of one or more pro-oncogenic
somatic mutations or other genetic deviations predisposing for the de-
velopment of neoplastic conditions (Altman et al., 2013; Jaiswal et al.,
2014; Steensma et al., 2015). Therefore, physicians are likely to be

besieged with questions from patients and otherwise healthy individ-
uals, and challenged by the need to manage referrals and cohorts of so-
matically altered individuals.

In order to address this challenge, it is of utmost importance to devel-
op a basic nomenclature and classification for the somatic lesions and
combinations of lesions that may be detected in apparently healthy indi-
viduals, and to initiate observational trials in order to define the prognos-
tic impact and estimate the related risk that each individual lesion
(mutation) and each combination of somatic and/or germ line mutations
imparts. Our proposal may be a first step in creating a basic terminology
and a related classification of pre-malignant neoplastic conditions and
may thus support the community with a basic communication system.

However, a number of questions and issues have to be addressed.
First, the techniques applied need to have sufficient accuracy, repro-
ducibility, sensitivity, and specificity, and will need to be standard-
ized and validated. Another open issue is the optimal germline
control. In hematopoietic neoplasms buccal swabs, hair follicles,
nails, sorted T cells, and cultured fibroblasts have been proposed.
However, these sources may also contain blood-derived cells. The
faculty is of the opinion that reports providing information about ge-
nomic (or exome) profiles must include exact information regarding
the method applied (basic system and bioinformatics) as well as in-
formation concerning the germline control. Whenever possible, the
allelic burden (VAF) should be defined.

One proposal offers a mutant allele fraction of >2% in blood leuko-
cytes as a work-definition for CHIP (Steensma et al., 2015). This cut-
off seems feasible for currently applied sequencing approaches. Howev-
er, the faculty is of the opinion that the limit of detection of the applied
method has to be reported. In the case of a germline pattern (all cells af-
fected), the interpretation of what is a somatic mutation and what is
‘germline’ may sometimes be difficult to assess. Whenever possible
germline deviations should be discriminated from somatic mutations
and classified according to current guidelines (Richards et al., 2015).
Perhaps the most important question will be how to manage cases
with predisposing genetic lesions, clonal hematopoiesis or other similar
conditions in otherwise healthy individuals in daily practice. So far, no
generally accepted diagnostic algorithm or management recommenda-
tion exists. A proposal for the management of CHIP (ARCH) and CHOP is
shown in Supplemental Fig. S1.

However, other questions also remain. For example, the clinical
(prognostic) impact of the allelic burden (and of changes in allelic bur-
den, VAF) of various target genes in various clinical conditions remains
largely unknown. What are driver mutations and what are passenger
mutations, and can they all be related to CHIP/ARCH or CHOP with cer-
tainty (Illingworth and Mustonen, 2011; Jaiswal et al., 2014; Steensma
et al., 2015)? Sometimes it may be difficult or even impossible to differ-
entiate between CHIP and CHOP - especially in multi-mutated cases -
and the clinical impact of such mutations may depend on additional fac-
tors (apart from the type of mutation) like age or co-morbidities. Should
all individuals with CHIP undergo a BM examination? Should manage-
ment guidelines include recommendations aimed at avoiding potential
mutagenic events (e.g. tobacco smoking, radiation, repeated CT scan-
ning) in these cases? These questions should be addressed in forthcom-
ing observational studies.
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