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Preface

The diagnosis of hematological malignancies is complex,
expensive and evolving rapidly. There is amyriad of tests
available and these are of increasing importance in the
diagnosis and ongoing assessment of hematological
malignancies. Optimal test utilization requires knowl-
edge of the many individual diseases and the range of
tests available to investigate them. Morphology, cell phe-
notyping, cytogenetics and molecular genetics are all
essential and thesemust be used in a structured approach
with the results integrated to give an overall diagnosis.
To use these tests appropriately requires an understand-
ing of the principles and roles of each of these test types
and how they supplement traditional morphological
assessment. As director of a large hemato-oncology diag-
nostic service and supervisor of hematologists-in-
training, I have seen the difficulties trainees have experi-
enced, and the time, effort and resources wasted on
poorly focused testing due to lack of knowledge in
these areas. As a consequence, and in the absence of
texts on this subject, I was motivated to write a book to
explain the diagnostic techniques and how they should
optimally be applied to hematological malignancies.

This multi-authored book by an international panel
of experts gives a state-of-the-art account of the princi-
ples and applications of the laboratory investigations
available in the analysis of hematological malignancies
in blood and bone marrow. The first five chapters
provide a succinct review of the diagnostic techniques
covering morphology, immunocytochemistry, flow
cytometry, cytogenetics and molecular genetics. For
each the methodological principles, data interpretation
and limitations are provided, and the role of the tech-
niques illustrated by clinical examples. These are fol-
lowed by a chapter describing how the results of these
should be integrated to give an overall interpretation of
the disorder and thereby add value to the individual
results for the clinician. The second part of the book is
devoted to themalignancies. Recognized clinical leaders
have written comprehensive chapters on appropriate
test utilization in each of the diseases or group of

disorders. For each, after a brief introduction, there is a
structured account of how to best apply the range of
laboratory investigations throughout the course of the
disease. Although emphasis is on testing at diagnosis and
for staging, additional evolving roles are highlighted.
These include the use of the diagnostic techniques to
identify prognostic markers, detect potential therapeutic
targets, assess persistent low-level disease following ther-
apy and disease monitoring for pending relapse. It is
these additional roles that are becoming increasingly
important as wemove to greater use of targeted therapies
and personalized medicine with curative intent.

This book is intended for hematologists- and
pathologists-in-training, qualified hematologists and
clinical scientists who wish to acquire a background to
diagnostic testing in the hematological malignancies. It
provides a useful guide to a rational structured (and
hence economical) approach to the laboratory assess-
ment of hematological malignancies. The book includes
many high quality color illustrations and diagrams to
demonstrate the key features and these should be useful
resources for even experienced hematologists.

Due to the pace of change and the vast amount of
information concerning these complex diseases, this
book required a panel of experts to provide the most
complete and up-to-date account of the techniques
and diseases. I was delighted that each of the authors
accepted the invitation to contribute with enthusiasm
for the project. I am indebted to them and thank them
most sincerely for the enormous amount of time,
effort and expertise they have given in writing their
excellent contributions, each with their own individual
style. Without the authors’ devotion this book would
not have eventuated.

I also thank my colleagues in the Haemato-
Oncology Diagnostic Service in the Haematology
Department at Addenbrooke’s Hospital, Cambridge
for their assistance in preparing the book. Specific
mention and thanks to Drs Lisa Cooke and Carolyn
Grove for their constructive comments from the

xi



perspective of a hematology trainee, to Dr Anthony
Bench, Bridget Manasse and Lisa Happerfield for their
scientific contributions and Hannah Roberts for her
secretarial support. I am most grateful to Cambridge
University Press for instigating this project. Special
and sincere thanks to Nicholas Dunton for his guid-
ance and expertise in coordinating the project and

keeping me and the book on track. Thanks also to
Mark Boyd, Abigail Jones, and Joanna Souter for
their help with various phases of this production.

This book should be a useful guide to a structured
systematic approach to the analysis of hematological
malignancies. I intend to use it myself and hope it also
meets the needs of others.

Preface

xii



Part 1

1
Diagnostic techniques

Morphology
Wendy N. Erber

The diagnosis of hematological malignancies has
benefited enormously from recent scientific advances.
In spite of this, morphology remains critically impor-
tant and is the key front-line diagnostic technique
which must not be overlooked. The light microscopy
appearances may be diagnostic but, in addition, they
are the foundation upon which decisions about further
scientific assessment are based. In the modern era
that utilizes a multi-parameter approach to disease
classification, morphology is the screening test that
determines the further investigations necessary [1].
This opening chapter describes the principles of mor-
phological assessment of the blood and bone marrow
in the diagnosis, staging and monitoring of hemato-
logical malignancies. It will guide the reader through
the process of blood and bone marrow microscopy
and demonstrate how morphology alone can often
give an indication of the underlying diagnosis. The
chapter is not intended as a textbook or atlas of
hematological neoplasms; for this, the reader is referred
to one of numerous excellent monographs and atlases
[2–5].

Peripheral blood
Abnormalities on a blood count, be they quantitative
or qualitative, may be the first indication of a hemato-
logical malignancy and will generally lead to a blood
film being examined [6]. Whereas currently this is
most commonly performed by light microscopy, auto-
mated image capture methods are increasingly being
used [7–8]. It is recommended for the assessment of
neoplastic cells that morphological review be per-
formed manually as a well-trained pair of eyes is
more discriminating than a programmed computer.
The abnormalities on the blood film may be diagnos-
tic, or lead to a provisional diagnosis.

Blood film examination requires a well-prepared
smear made from a fresh blood sample (i.e. < 2 hours
in anticoagulant). The smear must be air-dried, fixed
and stained with a Romanowsky stain (e.g. May–
Grünwald Giemsa). A cover-slip, rather than oil,
should be placed over the entire smear using mounting
medium to provide permanent protection without
interfering with the optics. Misidentification of signi-
ficant and potentially diagnostic features can occur
as a result of prolonged blood storage which causes
EDTA-artefact, storage at the wrong temperature,
poorly spread smears and poor quality stain.

The smear should be viewed macroscopically for
its quality and staining appearances. Even without
magnification abnormal color, which may indicate
the presence of proteinemia, or pattern, due to red
cell agglutination, may be evident. Microscopy should
then commence with systematic scanning of the
entire smear using a low-power (×10) objective,
followed by ×20 or ×25 objectives to assess:

1. Background appearance of the blood, e.g. protein
stain, abnormal agglutinates.

2. Erythrocyte distribution pattern, especially
rouleaux or agglutination.

3. For a manual assessment of the leukocyte count to
detect discrepancies with the automated blood
count.

4. Leukocyte distribution and presence of abnormal
cells.

Scanning at this low magnification can guide the
microscopist to specific cells which appear abnormal,
or areas of the film with an abnormal cellular distri-
bution and which require more detailed review at
higher magnification. This is crucial to avoid missing
significant abnormal cells which may be “hidden” at

Diagnostic Techniques in Hematological Malignancies, ed. Wendy N. Erber. Published by Cambridge University Press.
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the edge or in the tail of the film and otherwise go
undetected; this includes large abnormal cells such
as large cell lymphoma, acute promyelocytic leukemia
and plasma cell myeloma. All cell types should sub-
sequently be assessed with a ×40 or ×50 objective.
Higher magnification review with oil immersion
(×60–×100 objective) may be required for more
detailed cellular analysis and specifically to assess
intracellular (nuclear and cytoplasmic) detail.

This systematic and careful approach to blood
film review, from low to high magnification, can be
performed quickly and lead to the identification of
specific abnormal cells which may be diagnostic of a
malignancy. Other accompanying abnormalities may
also be detected in the erythrocytes, leukocytes or
platelets, be they in abnormal number, have abnormal
morphology or be present in an abnormal pattern.
These accompanying bystander features, or the “com-
pany the cells keep”, can be extremely helpful in iden-
tifying an underlying abnormality and generating a
provisional diagnosis. Some of the relevant accompa-
nying features and the hematological malignancies
with which they are associated are listed in Table 1.1.
For some disorders, it may be a combination of these
that may lead to a provisional diagnosis.

Blood film features of hematological
malignancies
A general description of the most common blood
film morphological abnormalities that are seen in
hematological malignancies at diagnosis, including
the “accompanying cells”, will be presented. Details
of the specific morphological appearances of the cells
in individual neoplastic disorders are given in
Chapters 7–15 in Section 2.

Cytopenias and pancytopenia
Cytopenias, which may be isolated, bi cytopenia or
pancytopenia, occur as a consequence of reduced or
ineffective hematopoiesis, increased peripheral cell
destruction or splenic sequestration. There are some
blood film abnormalities which occur in the presence
of cytopenias that may give an indication of the under-
lying bone marrow pathology or diagnosis. These are
listed below and will be discussed in more detail in
subsequent sections:

1. Leukoerythroblastic blood film, i.e. the presence
of erythroid and leukocyte precursors in the blood.

2. Leukocyte morphological abnormalities, e.g. blast
cells, dysplastic neutrophils, abnormal lymphoid
cells.

3. Red cell morphology, e.g. anisocytosis, rouleaux,
tear-drop poikilocytes.

4. Platelet morphology, e.g. large or hypogranular
platelets.

Leukoerythroblastic blood film
A leukoerythroblastic blood film can be seen with bone
marrow infiltration (due to hematological malignancy
or a metastatic infiltrate) or fibrosis, severe sepsis, cyto-
kine administration and prolonged hypoxia. The pres-
ence of morphologically abnormal leukocytes, red cells
or platelets may give an indication of the underlying
diagnosis (e.g. myelofibrosis). If the etiology of the
leukoerythroblastic film is not known or evident from
the blood film, a bonemarrow examination is indicated.

Leukocyte morphology
Abnormal leukocyte number and morphology are
common at the initial diagnosis of a hematological
malignancy. Close assessment of the following cellular
features is therefore required:

1. Cell count.
2. Cell size and shape.
3. Nuclear : cytoplasmic ratio.
4. Nuclear size, shape, location and chromatin

maturity.
5. Presence of nucleoli, their number, size and

location.
6. Cytoplasmic shape, color, presence of inclusions

or vacuoles.
7. Are there abnormal cells present? Are they

monomorphic or pleomorphic?
8. The “company the cells keep”.

Following is a description of the more common leu-
kocyte abnormalities seen in blood films and which are
features of hematological malignancies.

Neutrophils: Neutrophilia, neutropenia and qualita-
tive neutrophil morphological abnormalities can all
be seen as peripheral blood manifestations of hema-
tological malignancies. Together with the accompany-
ing blood film abnormalities, the neutrophil count and
morphology may give an indication of the diagnosis.

Neutrophilia: Although neutrophilia is most
commonly secondary to infection, inflammation,

1 Diagnostic techniques
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Table 1.1. The “company the cells keep”: blood film features associated with hematological malignancies.

Cell type Blood film feature Pathophysiology Hematological malignancy

All Pancytopenia

Leukoerythroblastic blood
film

Bone marrow failure
Bone marrow infiltration

Bone marrow infiltration

Marrow fibrosis

Any hematological malignancy
Metastatic bone marrow infiltrate

Any hematological malignancy
Metastatic bone marrow infiltrate

Primary myelofibrosis
Metastatic bone marrow infiltrate

Red cells Anisocytosis and/or
poikilocytes

Macrocytes

Microcytes

Dimorphic red cells

Dysplastic normoblasts

Tear-drop poikilocytes

Spherocytes

Red cell agglutination

Rouleaux

Erythrocytosis

Dyserythropoiesis

Dyserythropoiesis

Iron deficient erythropoiesis

Dyserythropoiesis

Dyserythropoiesis

Marrow fibrosis

Immune hemolysis

Cold hemagglutinins

Proteinemia

Erythroid hyperplasia

Myelodysplastic syndromes
Erythroleukemia

Myelodysplastic syndromes

Myeloproliferative neoplasms with iron deficiency

Myelodysplastic syndromes or Myelodysplastic/
Myeloproliferative neoplasm with ring sideroblasts

Myelodysplastic syndromes
Acute myeloid leukemia with myelodysplasia-related
changes
Erythroleukemia

Primary myelofibrosis
Marrow fibrosis secondary to other hematological
malignancies
Metastatic bone marrow infiltrate

Mature B-cell neoplasms, especially chronic
lymphocytic leukemia

Mature B-cell neoplasms

Plasma cell myeloma
Lymphoplasmacytic lymphoma/Waldenström
macroglobulinemia

Polycythemia vera

Leukocytes Dysplastic neutrophils

Dysplastic promyelocytes

Dysplastic monocytes

Neutrophilia

Eosinophilia

Basophilia

Monocytopenia

Dysgranulopoiesis

Leukemic promyelocytes

Abnormal monocytic
differentiation

Granulocytic hyperplasia

Eosinophilic hyperplasia

Basophilic hyperplasia

Marrow infiltration

Myelodysplastic syndromes
Myelodysplastic/Myeloproliferative neoplasms
Acute myeloid leukemia

Acute promyelocytic leukemia

Myelodysplastic/Myeloproliferative neoplasms
Acute myeloid leukemia (with monocytoid
differentiation)

Myeloproliferative neoplasms
Hodgkin lymphoma

Myeloid neoplasms
Mature B- or T-cell neoplasm
Hodgkin lymphoma

Myeloproliferative neoplasms, especially chronic
myelogenous leukemia

Hairy cell leukemia

Platelets Thrombocytosis

Thrombocytopenia

Platelet anisocytosis,
hypogranular and/or
agranular platelets

Megakaryocyte nuclei or
micromegakaryocytes

Megakaryocytic hyperplasia,
normal or dysplastic

Reduced megakaryopoiesis,
normal morphology
Reduced megakaryopoiesis,
dysplastic morphology

Megakaryocyte dysplasia

Megakaryocytic proliferation
and/or dysplasia

Myeloproliferative neoplasms
Refractory anemia with ring sideroblasts associated
with marked thrombocytosis
Myelodysplastic syndrome associated with isolated
del(5q)

Any hematological malignancy

Myelodysplastic syndromes
Primary myelofibrosis

Myeloproliferative neoplasms
Myelodysplastic syndromes
Myelodysplastic/Myeloproliferative neoplasms

Myeloproliferative neoplasms
Myelodysplastic syndromes
Myelodysplastic/Myeloproliferative neoplasms



hemorrhage or drugs, it can also be seen in neoplastic
disorders, particularly those of myeloid origin. The
extent of the neutrophilia, the presence of dysplasia,
left shift or toxic granulation, and other blood count
and film abnormalities (e.g. monocytosis, basophilia)
can assist in distinguishing between entities (Figures 1.1
and 1.2). A mild reactive neutrophilia can be seen
as part of the acute phase response in Hodgkin lym-
phoma and a neutrophilia of 50–100 × 109/L (“leuke-
moid reaction”) in response to a non-hematopoietic
malignancy (e.g. carcinoma of the lung; mesothelioma).
Figure 1.1 gives an outline of an approach to use in the
morphological assessment of a neutrophilia.

Neutropenia: At presentation neutropenia may be iso-
lated, occur in conjunction with anemia or thrombo-
cytopenia, or be part of a pancytopenia. The causes of
neutropenia include:

1. Failure or suppression of granulopoiesis due to
bone marrow failure, fibrosis or infiltration, drug
therapy and toxins.

2. Abnormal granulopoiesis, i.e. myelodysplasia.

3. Consumption or destruction of mature
neutrophils or their precursors from immune
mechanisms as can occur in mature B-cell, T-cell
or natural killer cell neoplasms or hypersplenism.

Hematological malignancies of both myeloid and
lymphoid origin may present with neutropenia as a
result of the above-mentioned mechanisms. It is
therefore important that both neutrophil and lympho-
cyte morphology be evaluated to determine whether
there are any hallmark features in any leukocytes that
may give a guide to the underlying disorder. Figure 1.3
shows an approach to themorphological assessment of
neutropenia utilizing the neutrophil morphology,
presence of dysplasia, blast cells and other features
which may lead to a provisional diagnosis.

Dysplastic neutrophils: The presence of circulating
dysplastic neutrophils indicates marrow dysgranulo-
poiesis. The dysplastic features may be subtle and their
detection requires careful review of excellent quality
well-stained blood smears. Defining features of neu-
trophil dysplasia include (Figure 1.2b):

Neutrophil 
morphology Toxic changeCount Left shift Blast cells 

Accompanying
features Possible disease/s 

+/– RouleauxNo
Yes

Count > 50 x 109/L< 5%

High
(> 20 x 109/l)

Minimal (<5%) No Chronic neutrophilic leukemia 

< 20% Myelocyte peak
Basophilia 

Chronic myelogenous leukemia,
chronic phase

YesNo

Normal > 20% Basophilia
Thrombocytopenia 

Chronic myelogenous leukemia,
blast phase 

Variable Variable No Reactive 

Mild - Moderate
(<20 x 109/L)

Yes < 20% Leukoerythroblastic
Tear-drop poikilocytes 
Abnormal platelets 

Primary myelofibrosis
Bone marrow infiltration 

Neutrophilia No

No < 5% Erythrocytosis
Thrombocytosis 

Polycythemia vera 

Monocytes >1 x 109/L
Chronic myelomonocytic leukemia
Juvenile myelomonocytic leukemia 
Acute myeloid leukemia 

< 20% Myelodysplastic syndrome
Acute myeloid leukemia 

Dysplasia Variable No
(+/– abnormal
granulation)  

Variable Atypical chronic myeloid leukemia 

> 20% Anemia
Thrombocytopenia 

Acute myeloid leukemia 

Reactive; Cytokine therapy

Leukemoid reaction

Count > 50 x 109/L

+/– Rouleaux

Monocytes >1 x 109/L
Other cytopenias +/–
poikilocytosis 

Monocytes <10%

Yes

Figure 1.1. A morphological approach to the assessment of the cause of neutrophilia.
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ba

Figure 1.2. Malignancies with a neutrophilia showing morphology of the neutrophils.
a. Chronic neutrophilic leukemia showing a marked neutrophilia with increased cytoplasmic granulation and small vacuoles.
b. Myelodysplastic syndrome with dysplastic hypogranular and pseudo-Pelger neutrophils.

Neutrophil
morphology Blast cells Accompanying features

Sepsis 

Bone marrow failure 

Normal < 20% 

Leukoerythroblastic Bone marrow infiltration
Primary myelofibrosis
Acute leukemia 

Neutropenia

Possible disease/s 

Pancytopenia
Other atypical cells
(e.g. hairy cells;
lymphoma; plasma cells)  

Bone marrow infiltration
E.g. Acute leukemia
Mature lymphoid malignancy
Hairy cell leukemia
Plasma cell myeloma 

Acute promyelocytic leukemia 

Myelodysplasia
Acute myeloid leukemia 

None or rare Toxic granulation
+/– pancytopenia
Schistiocytes   

Pancytopenia
Reticulocytopenia 

>20% Other cytopenias Acute leukemia 

Variable Dysplastic promyelocytes
Pancytopenia 

Dysplasia <20% Other cytopenias
+/–  red cell anisocytosis
+/– platelet abnormalities 

>20% Other cytopenias Acute myeloid leukemia

None or rare

Figure 1.3. A morphological approach to the assessment of the cause of neutropenia.
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1. Abnormal neutrophil size, e.g. large neutrophils.
2. Abnormal nuclear segmentation, including hypo-

segmented (pseudo-Pelger forms or ring nuclei) or
hypersegmented.

3. Abnormal nuclear chromatin condensation and
nuclear karyorrhexis.

4. Abnormal cytoplasmic granulation including
hypogranular or agranular neutrophils, small,
fine eosinophilic granules or large granules (mimic
Chediak–Higashi syndrome) andDöhle-like bodies.

5. Auer rods.

When dysplastic neutrophils are accompanied by
left shift, the precursor forms are also commonly
abnormal. Figures 1.1 and 1.3 list myeloid neoplasms

in which peripheral blood neutrophil dysplasia may be
the primary identifying feature.

Dysplastic promyelocytes: Of special importance is the
presence of isolated dysplastic promyelocytes in the
absence of other neutrophil precursors. This is highly
suggestive of acute promyelocytic leukemia, which
commonly presents with pancytopenia. The abnormal
promyelocytes have an eccentrically located ovoid, reni-
form or bi-lobed nucleus and deeply azurophilic cyto-
plasmic granules with or without Auer rods
(Figure 1.4). Due to their cell size (intermediate to
large) the abnormal cells may be located at the edge or
in the tail of the blood film. The abnormal cells can
easily be overlooked; this highlights the importance
of systematic low-power scanning of the entire blood
film prior to detailed examination of individual cells.
Confident identification of these atypical promyelocytes
in the blood can lead to an early provisional diagnosis
and instigation of specific therapy. The abnormal pro-
myelocytes may be accompanied by blast cells.

Monocytes: Monocytosis (> 1 × 109/L) is a defining fea-
ture of chronic myelomonocytic leukemia (CMML) and
juvenile myelomonocytic leukemia (JMML). The mono-
cytes may appear normal but more commonly have
dysplastic features. The abnormalities include large cell
size, increased cytoplasm, irregular nuclear morphology
(e.g. nuclear folding, indentation or segmentation),
abnormal chromatin pattern, fine azurophilic cytoplas-
mic granules and cytoplasmic vacuoles (Figure 1.5).

Figure 1.4. Blood film showing the morphology of acute
promyelocytic leukemia.

ba

Figure 1.5. Chronic myelomonocytic leukemia (blood film).
a. Dysplastic monocytes.
b. Promonocytes and dysplastic monocytes.
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Promonocytes, monoblasts, other undifferentiated
blast cells and dysplastic neutrophils may also be
present [1]. Monocytosis with atypia and left shift
can also be seen in acute leukemias with monocytoid
differentiation and in atypical chronic myeloid leuke-
mia. In chronic myelogenous leukemia (CML), BCR-
ABL1 positive, there may be a monocytosis but the
monocytes generally have normal morphology and
appear relatively indistinct amongst the background
neutrophilia and left shift. Monocytosis can also be
due to reactive causes; here the monocytes generally
have normal morphology and promonocytes and blast
cells are rarely seen. Monocytopenia is a rare abnormal-
ity in hematological malignancies but is a feature seen
in hairy cell leukemia.

Eosinophils: A peripheral blood eosinophilia is most
commonly secondary to allergy, parasitic infections
and drugs, where the eosinophils generally have nor-
mal morphology. In contrast, primary eosinophil
disorders (i.e. chronic eosinophilic leukemia and
myeloid or lymphoid disorders with abnormalities
of PDGFRA, PDGFRB or FGFR1) are rare, and the
eosinophils commonly have one or more morpho-
logical abnormalities. These may assist in differenti-
ating primary from reactive causes, such as
(Figure 1.6a):

1. Cell size: large.
2. Nuclear segmentation: hyper- (mimic neutrophil

nuclei) or hyposegmented.
3. Cytoplasmic vacuolation.

4. Granules: hypogranularity, small granules and
patchy distribution with some clear areas of
cytoplasm virtually devoid of granules.

5. Left shift: eosinophils accompanied by eosinophil
myelocytes.

Other myeloid malignancies can also have an accom-
panying eosinophilia with morphological atypia, i.e.
CML (e.g. eosinophils with basophilic granules or
“baso-eosinophils”), acute myeloid and myelomono-
cytic leukemias (especially AML with inv(16)/t(16;16))
and systemic mastocytosis. Eosinophilia with normal
morphology can occur in lymphoblastic leukemias, B-
and T-cell lymphomas and Hodgkin lymphoma.

Basophils: Peripheral blood basophilia is rare,
and, when present, should raise suspicion of a myelo-
proliferative neoplasm. This is particularly so in CML
where the basophils tend to have abnormal granulation
(i.e. hypogranular and small granules); these can
easily be misinterpreted as dysplastic neutrophils
(Figure 1.6b). Features that favor abnormal basophils
are the slightly larger cell size and that any granules
present are deep purple-black or violaceous and not
azurophilic. The basophil count is important as it is a
defining feature of accelerated phase CML (≥ 20%). In
acute basophilic leukemia, mature basophils are rare in
the blood but the blast cells contain basophilic granules.

Lymphoid cells: Abnormal lymphoid cells on a blood
film may be reactive (e.g. secondary to viral infection)
or neoplastic; careful morphological review is required

ba

Figure 1.6. Eosinophils and basophils.
a. Abnormal eosinophils in chronic eosinophilic leukemia showing abnormal nuclear hypersegmentation and cytoplasmic granulation.
b. Peripheral blood film of chronic myelogenous leukemia showing basophilia. The basophils are hypogranular with small granules.
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to distinguish between these. The characteristics that
should be assessed (with a ×40–×100 objective) include
cell size, shape, nuclear and cytoplasmic features and
whether they are pleomorphic or monomorphic. It is
beyond the scope of this chapter to provide a detailed
description of the appearances of individual reactive
and neoplastic lymphoid cell types; more details are
given in Chapters 9–11. Neoplastic lymphoid cells can
have a wide range of morphologies, some of which may
be diagnostic. Figures 1.7–1.11 show some of the
important cellular features that can be used to distin-
guish between lymphoid entities. Once again, this is
based on systematic and careful review of a range of
cellular features commencing with cell size.

Despite careful assessment, there may be abnormal
cells present that have clear neoplastic morphological
features but cannot be precisely classified. This may be
because the morphology is not characteristic, or
because there are insufficient abnormal cells on the
film to adequately assess and make a confident diag-
nosis. The “company the cells keep”, e.g. rouleaux,
spherocytes, neutropenia, may assist due to their asso-
ciations with some specific lymphoid neoplasms.
However, in the vast majority of settings lymphoid
cell phenotyping is required to make a diagnosis with
certainty. Phenotyping can assist in determining the
cell lineage, assessing whether the lymphoid cells have
a normal or atypical phenotype and, if B-cells, light
chain restriction. This integrated morphology and cell

phenotyping approach enables a distinction to be
made between reactive and neoplastic lymphoid cells,
and, may provide sufficient information to diagnose a
specific lymphoid neoplasm. This is especially so for
low-grade (small cell) lymphoid malignancies where
the morphology may not be characteristic but there
is a disease-associated phenotype.

Blast cells: Blast cells are not normally present in the
blood. Their presence indicates recovery from bone
marrow failure, severe sepsis, cytokine administration
or underlying bone marrow pathology. Hematological
malignancies which may present with circulating blast
cells are:

1. Myelodysplastic syndromes and myelodysplastic/
myeloproliferative neoplasms.

2. Acute leukemia, lymphoid or myeloid.
3. Chronic myelogenous leukemia.
4. Primary myelofibrosis.
5. Bone marrow infiltration by a non-hematopoietic

malignancy, as part of a leukoerythroblastic
blood film.

Blood film features that can aid in establishing the
precise diagnosis are:

1. Number of blast cells: ≥ 20% circulating blast
cells meets the WHO criteria for acute leukemia.
When there are fewer than 20% circulating blast

Cell size Cell shape N:C ratio Nucleus Chromatin Nucleoli Cytoplasm Other features Disease

SMALL

Round

Extremely
high 

Round
Cleaved
Indented

Mature
Homogeneous
Featureless 

Absent Scanty –
may only be
visible at
nuclear cleft

Smaller than CLL
May have
angulated cell
shape

Follicular lymphoma

High

Round
Central

Fine to
moderately
condensed

Inconspicuous Basophilic
Scanty

Pancytopenia Lymphoblastic
leukemia
(pediatric “L1”) 

Round
Irregular
outline

Coarse Present
Single

Basophilic
Protrusions
(“buds”)

Anemia
Thrombocytopenia

T-cell prolymphocytic 
leukemia

Moderately
high

Round
Slightly
eccentric

Coarse
Clumped

Absent Visible around
one-third to
one-half of the
nucleus

Small-intermediate
cell size
Smear cells
Prolymphocytes 

Chronic lymphocytic
leukemia

Round
Eccentric

Ovoid Moderate Coarse Absent

Basophilic Rouleaux
Plasma cells 

Lymphoplasmacytic
lymphoma/Waldenström
macroglobulinemia
Plasma cell myeloma

Gray
Small vacuoles

Plasmacytoid
features
Nucleus may be
lobated

Angioimmunoblastic 
T-lymphoma

Figure 1.7. A morphological approach to the assessment of neoplastic lymphoid cells of small size.
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cells a bone marrow examination is required to
discriminate between myelodysplastic syndromes,
myelodysplastic/myeloproliferative neoplasms,
myeloproliferative neoplasms and acute leukemia.

2. Blast cell morphology: lymphoid or myeloid features
(Table 1.2 and Figure 1.12). In some cases the blast
cells do not have any specific morphological
features that allow lineage assignment. These cases,
which may be merely undifferentiated lymphoid or
myeloid blasts, or be of ambiguous lineage, will
always require phenotyping by flow cytometry to
resolve (see Chapter 3).

3. Accompanying cellular features, for example:
a. Leukoerythroblastic blood film: indicates bone

marrow fibrosis or infiltration but not the
cause.

b. Tear-drop poikilocytes: marrow fibrosis.
c. Neutrophil dysplasia: suggests

myelodysplastic syndrome or acute myeloid
leukemia.

d. Monocytosis: suggests chronic or juvenile
myelomonocytic leukemia or acute myeloid
leukemia with monocytoid differentiation.

e. Thrombocytosis with abnormal morphology:
myeloproliferative neoplasm.

f. Dysplastic platelets (e.g. large size,
hypogranular): suggests a myelodysplastic
syndrome, myeloproliferative neoplasm or
acute megakaryoblastic leukemia.

g. Erythroblastosis with dyserythropoietic
features: suggests erythroleukemia or
myelodysplasia.

a b

c d

Figure 1.8. Morphology of small lymphoid cell neoplasms.
a. T-cell prolymphocytic leukemia.
b. Follicular lymphoma.
c. Chronic lymphocytic leukemia.
d. Angioimmunoblastic T-cell lymphoma.
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When there are circulating blast cells, a bone marrow
examination is generally indicated to establish the pre-
cise diagnosis. In some situations (e.g. high blast cell
count; delay in obtaining a bonemarrow sample) itmay
be appropriate to perform flow cytometry on the circu-
lating blast cells prior to the bone marrow examination
to establish and/or confirm the diagnosis. This will give
a clear indication of the type of blast cell (i.e. lymphoid
or myeloid and subtype) and diagnosis.

Plasma cells: Plasma cells do not commonly appear in
the circulation. Their presence indicates a florid B-cell
response to infection or a B-cell neoplasm with plasma-
cytoid differentiation. The latter includes plasma cell
myeloma, plasma cell leukemia and lymphoplasmacytic
lymphoma / Waldenström macroglobulinemia. The
morphology of circulating neoplastic plasma cells varies
fromwell-differentiated, resembling those in bonemar-
row, to markedly pleomorphic with atypical features
such as:

1. Cell size: vary from small plasmacytoid cells with
minimal cytoplasm (lymphoplasmacytoid) to large
plasma cells (which are commonly located at the
edge of the film).

2. Nuclei: may be large, cleaved, indented or
lobated.

3. Nuclear chromatin: less condensed than normal
plasma cells.

4. Nucleoli: may be present.
5. Cytoplasm: this may be less basophilic than plasma

cells in the marrow.

The number of circulating plasma cells discriminates
between plasma cell myeloma (< 2× 109/L) and plasma
cell leukemia (≥ 20% of leukocytes or ≥ 2 × 109/L).

Accompanying blood abnormalities that are com-
monly seen at presentation of myeloma are red cell
macrocytosis (mean corpuscular volume (MCV)
100–105 fL), mild neutropenia and thrombocytope-
nia. Despite these features, it can, at times, still be
difficult to distinguish between reactive and neoplastic
plasma cells as both can be accompanied by cytope-
nias, a leukoerythroblastic film, rouleaux and back-
ground protein staining of the blood film. Additional
investigations (e.g. serum protein analysis, bone mar-
row examination) are therefore often required.

Mast cells: The presence of circulating mast cells is
pathological and defines mast cell leukemia (≥ 10%

Cell size Cell shape N:C ratio Nucleus Chromatin Nucleoli Cytoplasm Other features Disease

Round;cleaved Homogeneous Absent Scanty Angulated Follicular
lymphoma

INTERMEDIATE

Round

High

Cerebriform
Convoluted

Hyperchromatic Absent Scanty
Basophilic
+/–vacuoles

May be small,
intermediate or
large cells

Sézary
syndrome
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Convoluted
Lobated 

Coarse May be
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prominent 

Adult T-cell
leukemia/
lymphoma

Intermediate

Irregular
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Variable
condensation

Basophilic May be small,
intermediate or
large cells

Rare Variable
amount
Light basophilia

Pleiomorphic
morphology

Mantle cell
lymphoma

Round
Central

Condensed Present:
may be
multiple

Basophilic
vacuoles

Pancytopenia Burkitt lymphoma

Ovoid Low Eccentric Condensed Absent

Abundant
Azurophilic
granules

Cytopenias T/NK-cell large
granular lymphocytic
leukemia

Basophilic
Pale staining
“hof” region

Rouleaux
Background
protein stain

Plasma cell
myeloma

Irregular
Projections

Gray
Irregular
Villi

Pancytopenia
Monocytopenia

Hairy cell leukemia
Splenic marginal 
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Variable Variable Irregular,
lobated or
cleaved

Variable Variable
May be
present

Low Ovoid
Reniform
Eccentric

Speckled Absent
(present in
variants) 

Pleiomorphic Non-Hodgkin
lymphoma, type
unspecified

Variable

Figure 1.9. A morphological approach to the assessment of neoplastic lymphoid cells of intermediate size.
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Figure 1.10. Examples of lymphoid cell neoplasms of intermediate (a, b) and large (c, d) cell size.
a. Mantle cell lymphoma.
b. Hairy cell leukemia.
c. B-cell prolymphocytic leukemia.
d. Diffuse large B-cell lymphoma.

Cell size Cell shape N:C ratio Nucleus Chromatin Nucleoli Cytoplasm Other features Disease

LARGE

Round Intermediate Round
Central

Moderately 
condensed

Present:
single, central

Variable
Pleomorphic

High Round-
ovoid

Moderately
fine 

Basophilic High count B-cell
prolymphocytic
leukemia

Present Basophilic
Scanty

Resemble
lymphoblasts 

Mantle cell
lymphoma, blastoid
variant

Variable
Usually high

Irregular 
Lobated
Cleaved
Indented

Variable
condensation

Usually
present

Basophilic
Scanty
May have
granules

Pleiomorphic Large cell non-
Hodgkin lymphoma,
type unspecified

Figure 1.11. A morphological approach to the assessment of neoplastic lymphoid cells of large size.
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of leukocytes) or its aleukemic variant (< 10% of
cells). In the blood mast cells generally have atypical
morphology such as angulated (rather than round)
cell shape, hypogranularity, irregularly shaped or
bi-lobed nuclei, or blast cell features with nucleoli
and metachromatic granules.

Erythroid cell morphology
Erythrocytes: Anemia is a common presenting
abnormality for hematological malignancies as a result
of reduced erythropoiesis; the red cells are usually
normochromic and normocytic. Macrocytic red
cells are particularly seen with myelodysplasia, and
dimorphic red cells with refractory anemia with ring
sideroblasts. Other red cell abnormalities include rou-
leaux, red cell agglutination, tear-drop poikilocytes,
spherocytes and hyposplenic features; Table 1.1 lists
these abnormalities and their disease associations.
Polycythemia vera, characterized by increased red
cell production, presents with an elevated hemoglobin;
the red cells may be normocytic, or, hypochromic and
microcytic if there is iron depletion.

Nucleated red cells: Circulating nucleated red blood
cells (erythroblasts) with normal morphology are
commonly seen. They are one of the defining features
of a leukoerythroblastic film and hence can be present
with bone marrow infiltration due to any cause.
Erythroblasts with abnormal morphology, such as
cytoplasmic irregularity or vacuolation, megaloblastic
chromatin pattern, nuclear budding, nuclear karyor-
rhexis or multinuclearity, imply bone marrow
dyserythropoiesis. Circulating dysplastic erythroid
progenitors are commonly accompanied by significant
red cell anisocytosis, poikilocytosis, basophilic stip-
pling and schistocytes. The presence of dyserythroid
erythroblasts together with anisocytosis and poikilo-
cytosis suggests myelodysplasia, acute myeloid leuke-
mia with myelodysplasia-related changes or acute
erythroid leukemia (Figure 1.13a).

Platelet morphology
Thrombocytopenia, common at presentation of a
hematological malignancy, is usually due to reduced
megakaryopoiesis and the platelet morphology is

Table 1.2. Morphological features that can be used to distinguish between lymphoblasts and myeloblasts.

Cytological feature Lymphoblasts Myeloblasts

Cell size Small – intermediate Intermediate – large

Nuclear: cytoplasmic
ratio

Very high Variable

Nuclear location Central Usually slightly eccentric

Nuclear shape Round (usually)
Irregular or convoluted (less common)

Round to oval
May be indented or convoluted (monoblasts)

Nuclear chromatin
structure

Fine to condensed or dispersed (small
lymphoblasts)

Fine, delicate or granular

Nucleoli If present, small and usually indistinct
Absent in small lymphoblasts

Usually one or more, may be large
Often prominent

Cytoplasm Scanty
Basophilic
Cytoplasmic pseudopods: “hand-mirror”
cells

Variable: moderate to abundant (monoblasts)
Basophilic or blue/gray
Cytoplasmic blebs (megakaryoblasts)

Cytoplasmic granules Rare – coarse azurophilic granules (10%) May be present: azurophilic

Auer rods No May be present

Cytoplasmic vacuoles May be present May be present, especially with monocytoid differentiation

Overall Relatively homogeneous appearance May be pleomorphic, especially with myeloid or monocytoid
maturation

Accompanying
myeloid cells

Normal Dysplastic features may be present in maturing myeloid cells
and neutrophils
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normal. Abnormal platelet morphology occurs with
bone marrow dysmegakaryopoiesis such as seen in the
myeloproliferative neoplasms and some myelodys-
plastic syndromes. The platelet abnormalities include
(Figure 1.13b):

1. Size: large and giant platelets.
2. Granulation: hypogranular and agranular.
3. Large fragments of megakaryocyte cytoplasm.
4. Circulating micro-megakaryocytes (small

mononuclear megakaryocytes the size of a large
lymphoid cell, with coarse chromatin).

5. Bare megakaryocyte nuclei.

Thrombocytosis is seen in essential thrombocythemia,
CML, some cases of primary myelofibrosis, and, at
lower levels, in polycythemia vera. The platelet mor-
phology can vary from normal (where the differential
diagnosis is a reactive thrombocytosis) to significant
platelet anisocytosis.

Role of the blood film
Blood film morphology has an important role in
explaining blood count abnormalities at presentation,
in disease monitoring and during and following
therapy.

ba

dc

Figure 1.12. Examples of blast cell morphology in acute lymphoblastic and myeloid leukemias.
a. Lymphoblasts in a case of pediatric B lymphoblastic leukemia/lymphoma showing small lymphoblasts with a high nuclear : cytoplasmic ratio
and inconspicuous nucleoli.

b. Larger lymphoblasts in a case of B lymphoblastic leukemia/lymphoma showing nucleoli and more abundant cytoplasm with some vacuoles.
Immunophenotyping would be required to distinguish between lymphoblasts and myeloblasts in this case.

c. Myeloblasts in a case of acute myeloid leukemia. Auer rods are present in many of the blast cells.
d. Monoblasts and promonocytes in a case of acute monocytic leukemia. The nuclei show early monocytoid differentiation and the cytoplasm
is gray with some vacuoles.
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At diagnosis: Blood film review may identify specific
abnormal cells and/or accompanying features at pre-
sentation (as described above) which are sufficient to
establish a definitive diagnosis or lead to a provisional
diagnosis. In most circumstances one or more supple-
mentary investigations will be required on the blood
sample (e.g. flow cytometry) and a bone marrow
examination to lead to a definitive diagnosis.

Disease monitoring and follow-up: Blood films should
be reviewed during therapy, on completion of therapy
and for disease monitoring to assess the number of
abnormal cells in the blood and the effects of chemo-
therapy. Cytotoxic therapy can result in a number of
blood film abnormalities including:

1. Erythrocytes: macrocytosis, anisocytosis,
poikilocytosis, basophilic stippling and Howell–
Jolly bodies.

2. Neutrophils: abnormalities of neutrophil nuclear
segmentation and/or granulation.

3. Platelets: thrombocytopenia.

Marrow regeneration is evidenced by return of normal
blood cells, initially with left shift (polychromatic eryth-
rocytes and early myeloid cells) followed by mature
cells. Toxic changes may be seen in neutrophils if ther-
apy has been complicated by sepsis. Following normal-
ization of counts and cell morphology, subsequent
cytopenias or reappearance of neoplastic cells generally
indicate morphological evidence of relapsed disease.

Reporting the blood film
The blood film report should include a description of
the significant morphological findings, an interpreta-
tion of the features and give a provisional or differ-
ential diagnosis. The report should comment on:

1. The presence of abnormal cells and their
cytological features, e.g. blast cells, smear cells,
tear-drop poikilocytes.

2. Other accompanying features of significance (the
“company the cells keep”).

3. An interpretation of the findings.
4. Definitive, provisional or differential diagnosis.
5. Supplementary investigations recommended be

performed on the blood sample to reach a diagnosis,
e.g. flow cytometry, serum protein analysis.

6. Other recommended investigations, e.g. bone
marrow examination.

Bone marrow examination
The indications for performing a bonemarrow examin-
ation have been formalized by the International Council
for Standardization in Haematology (ICSH) and those
specific for hematological malignancies are listed in
Table 1.3 [9]. For details of bone marrow collection,
staining and reporting procedures the reader is referred
to other publications [9–11]. In general, a bone marrow
examination is required whenever a hematological
malignancy is suspected from the blood film. Bone

ba

Figure 1.13. Blood films illustrating the “company the cells keep”.
a. Red cell abnormalities include a dysplastic nucleated red cell, anisocytosis and poikilocytosis (including tear-drop poikilocytes), and
thrombocytopenia in a myelodysplastic syndrome.

b. Abnormal platelets, megakaryocyte fragment, micromegakaryocyte and amarkedly hypogranular basophils in a case of primary myelofibrosis.
Note the red cells are normochromic and do not show poikilocytosis.

1 Diagnostic techniques

14



marrow aspirate and trephine biopsy specimens pro-
vide complementary information and both are there-
fore valuable in the initial assessment of a possible
hematological malignancy. The aspirate gives detailed
cytological detail, whereas the trephine biopsy provides
more information about the overall marrow cellularity,
architecture, cellular distribution and fibrosis. For some
disorders the aspirate may provide sufficient informa-
tion without the need for a trephine biopsy, e.g. acute
leukemia. For others, the trephine biopsy is the prime
diagnostic material, e.g. lymphoma staging (see
Chapter 11) and myelofibrosis (see Chapter 14).

In addition to morphology, the marrow samples
can be used for ancillary biological tests required to
reach a diagnosis and WHO classification (i.e. flow
cytometry, immunocytochemistry and genetics).
Consideration should be given to the most appropriate
specimen to use for these supplementary investiga-
tions (Table 1.4) [1,12]. For example, cytogenetic
analysis by karyotyping and RT-PCR can only be
performed on freshly aspirated marrow, whereas
PCR can be performed on both aspirate and trephine
biopsy specimens. A description of the principles of
bone marrow examination follows together with
some illustrative examples of their application.
Chapters 7–15 give detailed descriptions of the mor-
phological features of the bone marrow aspirate and
trephine biopsy of individual neoplastic disorders.

Bone marrow aspirate
Aspirated marrow should routinely be prepared as both
“squash” preparations and “smears” (Figure 1.14). After

air-drying, these are fixed in methanol, stained with a
Romanowsky stain (e.g. May–Grünwald Giemsa or
Wright Giemsa) and a coverslip applied. Aspirated
marrow can also be used to make particle clot prepar-
ations, for cytochemical stains, cell phenotyping, cyto-
genetics and molecular genetic analyses (Table 1.4).

Aspirate “squash” preparations: “Squash” prepar-
ations are imprints of bone marrow particles, and are
particularly valuable for low-power (from ×4 up to
×20 objectives) assessment of marrow cellularity,
megakaryocyte number, cell clumps and focal infil-
trates (e.g. lymphoma, mastocytosis and plasma cell
myeloma). Cells that may be encased in reticulin are
more readily detectable in the “squash” preparation
than smears (e.g. follicular lymphoma, Hodgkin lym-
phoma, neoplastic mast cells). Cytological detail
is generally less well preserved than in smears.

Aspirate smears: The major roles of the bone marrow
aspirate smear are to assess cytological detail and
perform a nucleated differential cell count. Smears
should first be scanned at low magnification (×4 and
×10 objectives) to assess the cellularity of the particles
and trails and determine whether there are clumps of
abnormal cells, particularly at the edge or in the tail of
the smear. The cellular composition of the marrow
should then be assessed in a representative trail
behind a marrow particle using a ×40 or ×50 objec-
tive. Morphological review with a ×100 objective is
used to assess fine cytological detail (e.g. nuclear
folding; cytoplasmic inclusions) and for accurate
cell identification. The number of individual

Table 1.3. Indications for bone marrow examination in the diagnosis and assessment of hematological
malignancies from the ICSH standards [9].

Investigation of unexplained cytopenia/s or pancytopenia

Investigation of unexplained blood film morphological abnormalities

Investigation of a paraproteinemia

To confirm a diagnosis of a hematological malignancy made on peripheral blood

To classify a hematological malignancy

To determine the extent of bone marrow involvement by a hematological malignancy

Bone marrow staging of lymphoma

To obtain prognostic information based on the pattern of marrow infiltration

To obtain specimens for ancillary studies in the investigation of hematological malignancies

Post-therapy and post-transplant assessment of hematological malignancies
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Table 1.4. Applications of bone marrow aspirate and trephine biopsies [9,12].

Bone marrow aspirate Bone marrow trephine biopsy

“Squash” preparation “Smear”

Bone marrow morphological features

Cellularity +++ ++ +++

Marrow topography + − +++

Cytological detail ++ +++ +

Cell enumeration ++ +++ +

Megakaryocyte number +++ + +++

Megakaryocyte morphology ++ +++ +++

Cell clusters +++ + +++

Focal infiltrates ++ − +++

Bone structure − +++

Marrow fibrosis − +++

Diagnostic techniques

Flow cytometry +++ −

Cytochemistry +++ ++

Immunocytochemistry +++ +++

Karyotyping +++ −

FISH +++ ++

FICTION (“immuno-FISH”) +++ ++

PCR +++ + *

RT-PCR +++ −

+++= Excellent; ++= Good; + = Limited role; −= Sample unsuitable; * limited DNA quality. FICTION: Fluorescence Immunophenotyping and
Interphase Cytogenetics as a Tool for the Investigation of Neoplasms.

ba

Figure 1.14. Bone marrow aspirate preparations.
a. “Squash” preparation: the marrow particles are in the middle of the slide and the hematopoietic elements are in close proximity having been
“squashed”.

b. “Smear” preparation: the marrow particles are in the tail of the smear and hematopoietic elements have trailed behind. Nucleated differential
cell counts should be done in regions immediately behind the particles.
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hematopoietic cell types and any abnormal cells
should be determined from a count of at least 300
nucleated cells [9].

Particle “clot” preparations: Aspirated marrow can
be clotted with thrombin, placed in fixative (e.g. neu-
tral buffered formalin) and processed into paraffin.
Sections of this clotted marrow are made (as for the
trephine biopsy) and stained with hematoxylin and
eosin (H&E) or other stains (e.g. Giemsa). Particle
clot sections give comparable information to the tre-
phine biopsy (i.e. marrow cellularity; detection of
focal infiltrates) without the need for a trephine
sample.

Cytochemical stains
Cytochemistry, when required, is usually performed
on bone marrow aspirate smears but is also applicable
to bone marrow trephine specimens. The principles
of cytochemistry are that a chromogen localizes
enzyme activity or non-enzymatic substrates within
cells. Many cytochemical techniques are available
with a wide range of applications (Table 1.5). The
majority have now largely been replaced by cell
phenotyping (i.e. flow cytometry and immunocyto-
chemistry). This is because of the greater sensitivity
and specificity of antibodies for individual cell
types, the standardized methodology for all antigens,
automation and faster turn-around-time than

Table 1.5. Cytochemical stains that can be used for the assessment of hematological malignancies [13,14].

Substrate
type

Cytochemical test Cellular component Cell type Hematological malignancy

Non-
Enzyme

Perls’ Prussian
Blue

Periodic acid-
Schiff

Sudan Black B

Oil Red O

Toluidine Blue

Iron (ferric)

Carbohydrate

Lipid

Lipid

Metachromasia

Macrophages
Late normoblasts

Granulocytes

Megakaryocytes
Plasma cells

Myeloid cells

Neoplastic B-cells

Basophils
Mast cells

Iron status of all disorders
Myelodysplastic syndromes
Myelodysplastic/Myeloproliferative
neoplasms

Precursor lymphoid neoplasms (block
positivity)
Erythroleukemia
Plasma cell myeloma

Acute myeloid leukemias (granulocytic
differentiation)

Burkitt lymphoma

Systemic mastocytosis
Chronic myelogenous leukemia
(basophils positive)

Enzyme Alkaline
phosphatase

Acid
phosphatase

Non-specific
esterases

Specific
esterases

Lysozyme

Myeloperoxidase

Sudan Black B

Neutrophil alkaline
phosphatase

Lysosomes

α-naphthyl acetate
esterase

Chloroacetate esterase

Lysozyme (muramidase)

Primary granules

Myeloid cell granules

Neutrophils (Score 0–400)

Majority of normal
hematopoietic cells

Monocytes (diffuse)
Macrophages
Lymphocytes (dot)

Neutrophils

Mast cells

Monocytes

Macrophages

Myeloid cells

Myeloid cells
Eosinophils

Polycythemia vera (high score)
Chronic myelogenous leukemia (low
score)

T-lymphoblastic leukemia/lymphoma
Mature T-cell neoplasms
Hairy cell leukemia (resistant to tartrate)

Acute monocytic and myelomonocytic
leukemia
Acute megakaryoblastic leukemia
T-cell prolymphocytic leukemia

Acute myeloid leukemias (granulocytic
differentiation)
Systemic mastocytosis

Acute monocytic and myelomonocytic
leukemia
Chronic myelomonocytic leukemia

Acute myeloid leukemias (granulocytic
differentiation)

Acute myeloid leukemia
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cytochemistry. Only the Perls’ Prussian Blue reaction
which utilizes potassium ferrocyanide to demonstrate
ferric tissue iron, remains in common use. This is an
important test of iron status and iron incorporation
into developing erythroblasts; as such it should be
performed in the initial assessment of hematological
malignancies. For a full description of the principles
and methods of cytochemical stains the reader is
referred to other monographs [13–14].

Interpretation and reporting the bone
marrow aspirate
The blood count and film should always be reviewed
together with the bonemarrow aspirate and the findings
included in the marrow report. The cellularity of the
bone marrow particles (“squash” preparation) and trails
(“smears”) should both be reported; these can differ,
especially when there is significant fibrosis and the par-
ticles may be markedly hypercellular with hypocellular
trails. In this situation the cellularity and morphology of
the “squash” preparation may be more representative of
overall hematopoietic activity and the presence of a
neoplastic infiltrate. When there are no particles present
(i.e. “blood tap”) the sample may still be informative if
there is a significant abnormal cell infiltrate. However if
the sample is aparticulate, and there are no abnormal
cells (a “blood tap”), the diagnosis will be dependent on
the bone marrow trephine biopsy findings.

The number and the morphological appearances
of all cell lineages, and any abnormal cells present in
themarrow, should be reported. The results of the Perls’
Prussian Blue reaction, flow cytometry and any other
supplementary investigations should also be included
in the report. A provisional report should be issued
once the morphological assessment has been completed
and whilst awaiting finalization of other investigations.
The final conclusion should give a diagnosis or provi-
sional diagnosis and indicate any additional investiga-
tions required. A final integrated report should include
all bone marrow aspirate findings including the ancil-
lary immunological and genotypic investigations (see
Chapter 6). For follow-up and monitoring bone mar-
row the findings should be compared with previous
marrow examinations.

Bone marrow trephine biopsy
Bone marrow trephine (BMT) biopsy specimens, in
contrast to aspirates, have preserved bone marrow
architecture which allows assessment of:

1. Overall marrow cellularity and topography.
2. Distribution of hematopoietic cellular elements

within the inter-trabecular spaces and the
relationship of cells to the bony trabeculae.

3. Pattern of involvement by abnormal cells, e.g. focal
disease.

4. Stromal cell elements, marrow fibrosis and bone
structure.

Bone marrow trephine biopsies are less sensitive than
aspirates for assessing cytological detail, making it
difficult to perform a nucleated differential count
and enumerate the number of normal and abnormal
cells in the marrow. It is generally recommended that
a BMT be performed in the initial evaluation of a
possible hematological malignancy. If it is anticipated
that there may be focal disease, marrow fibrosis or
where assessment of megakaryocyte number and
location are required, a trephine biopsy is essential.
Overall a BMT is indicated in the investigation of:

1. Leukoerythroblastic blood film.
2. Unexplained thrombocytosis.
3. Pancytopenia.
4. Paraproteinemia.
5. Lymphoma staging.
6. Diagnosis of mast cell disorders.
7. Inaspirable bone marrow (a “dry tap”).

Bone marrow trephine biopsies are primarily used for
histology and immunocytochemistry (see Chapter 2),
but can also be used for cytochemistry and some
genetic investigations as detailed in Table 1.4
[5,12,15–16].

Preparation and staining: The BMT biopsy is usually
obtained from the posterior iliac crest and should be at
least 2 cm in length; for some indications bilateral
BMT may be required. Before placing into fixative, it
is recommended that imprints be made by touching
the core biopsy onto a glass slide. These can be fixed,
stained and reviewed as for aspirate slides. The BMT
biopsy is fixed by one of a number of methods to cross-
link cellular proteins to maintain cellular integrity and
morphology. Fixation methods available include neu-
tral buffered formalin, mercury-containing fixatives
(e.g. Zenker’s fixative and B-5), Bouin’s and zinc form-
aldehyde. Following fixation the BMT is decalcified to
remove calcium from the cortical and trabecular bone
using, for example, EDTA, picric, acetic, formic or
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nitric acids. Fixation and decalcification regimens are
not standardized; they vary in their processing time
and the resultant preservation of morphology and
cellular antigens, and the integrity of DNA and RNA
[9,17]. The most commonly used processing schedule
utilizes neutral buffered formalin fixation and EDTA
decalcification, a protocol which enables the full spec-
trum of ancillary tests (immunocytochemistry and
genetic tests) to be performed without compromising
morphological detail. Following fixation and decalci-
fication the specimen is processed to paraffin wax,
sectioned on a microtome at 2–4 µm and stained.
Stains used include:

1. Hematoxylin and eosin (“H&E”): the standard
stain.

2. Giemsa: highlights lymphoid cells, plasma cells
and mast cells.

3. Gordon and Sweet or Gomori methenamine
silver stains for reticulin.

4. Perls’ Prussian Blue reaction: for the assessment
of iron stores.

5. Various cytochemical stains, e.g. chloroacetate
esterase, periodic acid-Schiff.

Resin (methyl-methacrylate) embedding can be used
as an alternative to paraffin. This has the advantage of
not requiring decalcification and semi-thin sections
(1–2 µm) can be cut. Although this results in superb
cytological detail, it takes time and experience to
become familiar with the appearances as the morpho-
logy cannot be easily compared with paraffin sections.
Other limitations of resin embedding are that it
requires a separate method of preparation including
a special heavy-duty microtome, there is some loss of
cellular antigens and nucleic acids are poorly pre-
served [18–19].

Interpretation and reporting the bone marrow
trephine biopsy
Systematic review of the BMT biopsy should com-
mence at low magnification (×4 and ×10 objectives)
to assess:

1. Adequacy of the biopsy, e.g. specimen length,
sufficient inter-trabecular spaces, presence of
crush artefact.

2. Marrow cellularity, i.e. the percent of inter-
trabecular spaces occupied by cells.

3. Pattern of cell distribution.

4. Relationship of cellular elements to bony
trabeculae.

5. Presence and location of any abnormal infiltrates.

The ×20 and ×40 objectives should then be used
sequentially for an overall assessment of hemato-
poietic activity, including:

1. Pattern of normal hematopoiesis.
2. Erythroid cells: presence, location and size of

erythroid islands; normally interstitial location.
3. Granulocytic cells: presence and location of

immature and mature forms; normally immature
forms are paratrabecular and migrate into the
interstitium of the marrow with maturation.

4. Megakaryocytes: number, distribution and
morphology; normally single and interstitial.

5. Lymphoid cells: normally scattered throughout the
marrow and relatively inconspicuous.

6. Plasma cells: normally peri-vascular or scattered.
7. Macrophages, stromal cells and bony trabeculae

(e.g. bone thickness; cement lines; osteoblasts;
osteoclasts; osteocytes).

8. Presence of abnormal infiltrates and their cellular
content:
a. Pattern: diffuse, interstitial or focal (e.g.

nodular, sinusoidal) (Figures 1.15a-d).
b. Location of focal infiltrates: inter-trabecular or

paratrabecular (Figure 1.15c,d).
c. Cell morphology: size, shape and maturity

(chromatin structure, nucleoli).
d. Mitotic and apoptotic rate.
e. The “company the cells keep” (e.g.

macrophages, hemophagocytosis).

The reticulin pattern (fine, coarse, focal increase) and
overall content should be quantified using a grading
system [20]. Examples of some BMT morphological
abnormalities and their disease associations are
listed in Table 1.6. Immunocytochemistry may be
performed on the trephine biopsy to confirm the
number of normal hematopoietic cells of each lineage
or to phenotype abnormal cells (see Chapter 2 for
details). Cytochemical stains can be performed on
the BMT, but are rarely required due to the wide-
spread use of immunocytochemistry. Some genetic
tests, (e.g. fluorescence in situ hybridization (FISH),
polymerase chain reaction (PCR)) can be performed
on the BMT biopsy (see Table 1.4).
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Integrated bone marrow reporting
The blood film, bone marrow aspirate and bone mar-
row trephine findings, together with results of ancillary
tests, should all be included in a single integrated report
(Table 1.7) [21]. This gives a complete interpretation of
bone marrow function and a single WHO classification
[1,9,21]. This ensures that all results are considered
together and that any potential discrepancies which
may, on occasion, arise with different samples are
resolved prior to the final report. This should avert
any misdiagnoses and result in “one patient, one diag-
nosis and one report”. Due to differences in turn-around
times for the various test components, interim reports
of individual analyses may be necessary prior to release

of the final integrated report. This concept is discussed
in more detail in Chapter 6.

Applications of bone marrow
aspirates and trephine biopsies
The bone marrow aspirate and trephine biopsy are
taken from the same site, but are processed and stained
differently and give different types of information about
the state of the marrow. As a result they have different
roles in the assessment of hematological malignancies.
Examples are given of the relative merits of the aspirate
and trephine for different indications at diagnosis, sta-
ging and for disease monitoring.

ba
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Figure 1.15. Patterns of bone marrow infiltration in bone marrow trephine biopsies.
a. Hypercellular marrow with a diffuse infiltrate in a case of B lymphoblastic leukemia.
b. Subtle interstitial infiltrate in a natural killer-cell lymphoma.
c. Paratrabecular infiltrate in systemic mastocytosis.
d. Nodular interstitial infiltrate in a case of chronic lymphocytic leukemia.
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Table 1.6. Examples of bone marrow trephine (BMT) features seen in hematological malignancies.

BMT feature Description Abnormality Hematological malignancies (examples) Differential diagnosis

Marrow
cellularity

Hypocellular

Hypercellular

Reduced inter-trabecular
hematopoiesis

Diffuse hypercellularity

Patchy hypercellularity

Hypoplastic myelodysplastic
syndromes
Hypoplastic acute myeloid leukemia
Acute leukemia

Chronic myelogenous leukemia
Extensive bone marrow infiltration

Non-Hodgkin lymphomas
Myelodysplastic syndromes
Systemic mastocytosis

Aplastic anemia
Drug therapy

Reactive marrow

Reactive marrow
Metastatic
malignancy
Marrow regeneration

Marrow
Architecture

(Cellular
distribution)

Paratrabecular

Focal, nodular
interstitial

Interstitial
infiltrates

Diffuse infiltrates

Sinusoidal or
intravascular

“Starry sky”
pattern

Infiltrates along bony
trabeculae

Interstitial infiltrates
surrounded by
hematopoietic tissue and
fat

Infiltrates between fat
spaces

Infiltrates that efface the
bone marrow
architecture

Infiltrates in endothelial
spaces

Abundant macrophages

Follicular lymphoma
Systemic mastocytosis

Chronic lymphocytic leukemia
Non-Hodgkin lymphoma, e.g. mantle
cell lymphoma
Hodgkin lymphoma
Plasma cell myeloma

Chronic lymphocytic leukemia
Hairy cell leukemia
Mature T/NK-cell neoplasms

Acute leukemias (myeloid and
lymphoid)
Diffuse large B-cell lymphoma
Extensive bone marrow
infiltration

Intravascular large B-cell lymphoma
Splenic marginal zone lymphoma
Hepato-splenic T-cell lymphoma

Burkitt lymphoma
Acute myeloid leukemia

Reactive lymphoid
nodules
Granuloma
Metastatic
malignancy

Reactive

Reactive
lymphocytosis
Granulocytic
hyperplasia
Erythroid hyperplasia

Reactive histiocytosis

Cytological
abnormalities

Megakaryocytes Hyperplasia

Clustering

Pleomorphism

Small forms

Large and giant forms

Pyknotic forms and bare
nuclei

Myeloproliferative neoplasms
Myelodysplastic syndromes

Myeloproliferative neoplasms

Polycythemia vera
Primary myelofibrosis

Myelodysplastic syndromes
(hypolobated or disrupted nuclei)
Chronic myelogenous leukemia

Essential thrombocythemia

Primary myelofibrosis

Reactive marrow
Immune
thrombocytopenia

Reactive marrow

Reactive marrow

Drug therapy

Granulocytic
cells

Interstitial immature forms

Asynchronous maturation

Myelodysplastic syndromes
Myelodysplastic/Myeloproliferative
neoplasms
Primary myelofibrosis
Acute myeloid leukemia

Myelodysplastic syndromes
Myelodysplastic/Myeloproliferative
neoplasms

Cytokine therapy
Drug effect

Erythroid cells Enlarged islands Myelodysplastic syndromes
Erythroleukemia

Erythroid hyperplasia
Megaloblastic
anemia
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Diagnosis and staging: examples
Circulating blast cells: A bone marrow aspirate is
essential in the investigation of unexplained circulating
blast cells. The aspirate is used to enumerate the blast
cells, assess blast cell cytology (Figure 1.12) and assess
for the presence of dysplasia in the other hematopoietic
cells. In addition, aspirated marrow is the preferred
specimen for blast cell phenotyping by flow cytometry,
and for cytogenetic and molecular genetic analyses. A
BMT biopsy is not essential as it generally shows diffuse
marrow replacement by a monomorphic population of
poorly differentiated cells and the cytology is often

not discriminatory (Figure 1.15a); however, it is indi-
cated if there are blood film features that suggest
bone marrow fibrosis (i.e. tear-drop poikilocytes or
leukoerythroblastic blood film) or myelodysplasia, or,
if the marrow aspirate yields a “dry tap”.

Lymphoma staging: As lymphomatous infiltrates in the
marrow are commonly focal (nodular interstitial, para-
trabecular, intravascular or sinusoidal), a BMT biopsy
must be performed for lymphoma staging. Aspirated
marrow may not include cells from the focal lesion, as
there is commonly increased reticulin within the neo-
plastic infiltrates, and thereby give a false negative result.

Table 1.6. (cont.)

BMT feature Description Abnormality Hematological malignancies (examples) Differential diagnosis

Reduced erythropoiesis

Asynchronous maturation

Myelodysplastic syndromes
Primary myelofibrosis

Myelodysplastic syndromes

Drug therapy
Parvovirus

Megaloblastic
anemia

Cytological
abnormalities
(continued)

Progenitor cells Interstitial location Acute myeloid leukemia
Myelodysplastic syndromes
Accelerated phase of
myeloproliferative neoplasms

Lymphoid cells Small cells

Large cells

Intermediate size,
pleomorphic

Chronic lymphocytic leukemia
Lymphoblastic leukemia/lymphoma
T-cell prolymphocytic leukemia

Diffuse large B-cell lymphoma
Anaplastic large cell lymphoma

Hairy cell leukemia
Mantle cell lymphoma

Reactive
lymphocytosis

Reactive lymphoid
nodules

Plasma cells Plasmacytosis with
pleomorphism

Plasma cell myeloma
Lymphoplasmacytic lymphoma

Reactive marrow

Macrophages Hemophagocytosis

Pseudo-Gaucher cells

Anaplastic large cell lymphoma
T/NK-cell lymphoma

Plasma cell myeloma
Chronic myelogenous leukemia

Reactive marrow

Gaucher disease

Reticulin Increased Fine

Coarse

Focal

Acute leukemia
Plasma cell myeloma
Extensive bone marrow infiltration

Primary myelofibrosis

Focal infiltrates, including
lymphomas, myeloma and systemic
mastocytosis (random pattern)

Autoimmune
disorders

Metastatic carcinoma

Reactive lymphoid
nodules (“organoid”
pattern)

Bony
trabeculae

Osteosclerosis

Osteopenia
Osteoporosis

Thick trabeculae

Thin trabeculae

Primary myelofibrosis
Systemic mastocytosis

Plasma cell myeloma

Paget’s disease
Osteopetrosis
Metastatic disease

Malnutrition
Post-chemotherapy

Marrow
necrosis

Marrow
infarction

Necrotic cells Acute leukemia
Large cell non-Hodgkin lymphoma

Metastatic
malignancy
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Although the sensitivity of the aspirate can be increased
with the addition of flow cytometry and molecular
genetic analyses these analyses should not be performed
in place of a BMT. For further details see Chapter 11.

Investigation of paraproteinemia: Bone marrow
aspirate and trephine biopsies are both indicated in
the investigation and monitoring of a paraprotein-
emia. The aspirate is useful to enumerate the plasma
cells and to assess plasma cell morphology. The
BMT biopsy is important to assess the disease bur-
den as plasma cell infiltrates may be focal and,
particularly in cases where there is increased retic-
ulin (approximately 10% of myeloma). Aspirated
marrow is commonly not representative and under-
estimates the disease burden. For further details see
Chapter 12.

A “dry tap”: Failure to aspirate bonemarrow, or a “dry
tap”, is an absolute indication for a BMT biopsy.
Causes of a “dry tap” include:

1. Marrow fibrosis: e.g. primary myelofibrosis, hairy
cell leukemia, Hodgkin lymphoma and metastatic
marrow infiltrates.

2. Markedly hypercellular bone marrow: e.g. acute
leukemia, multiple myeloma.

Post-therapy assessment and disease
monitoring: examples
Bone marrow examination is indicated following
therapy for a hematological malignancy to assess:

1. Disease response.
2. Effects of therapy on normal hematopoiesis.
3. Marrow regeneration.

Table 1.7. Information that should be included in a final integrated bone marrow report (see also Chapter 6).

Patient details Surname, first name, date of birth, gender, unique patient number, specimen number

Clinical information Indication for the bone marrow examination
Relevant clinical findings
Diagnosis, if known
Recent drug therapy
Procedure (i.e. aspirate and/or trephine biopsy)
Anatomical site

Blood Blood count and blood film morphology

Bone marrow aspirate Samples evaluated (i.e. squash, smears, particle clot)
Presence of particles
Overall marrow cellularity
Myeloid: erythroid ratio
Cellularity and morphology of each cell lineage, i.e. erythroid, granulocytic, megakaryocyte, lymphocytes,
macrophages, plasma cells
Abnormal cells (e.g. blast cells): morphology and number
Iron status and sideroblasts, i.e. number, pattern of siderotic granulation

Bone marrow trephine Length of specimen
Overall marrow cellularity and pattern
Cellularity, location and morphology of each cell lineage: erythroid cells, granulocytic cells, megakaryocytes,
lymphocytes, macrophages, plasma cells
Presence of abnormal infiltrates: pattern, location and cellular composition
Other abnormal findings: dyspoiesis, abnormal cells
Bone structure and stromal cells
Reticulin content
Results of immunocytochemical and/or cytochemical stains

Ancillary tests Flow cytometry
Cytogenetics
Molecular genetics

Other comments Differences between the aspirate and bone marrow trephine
Comparison with previous bone marrow examinations
Correlation with clinical information

Diagnosis and WHO
classification

Integrating results of blood, bone marrow aspirate and bone marrow trephine
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As at diagnosis, aspirated marrow is preferable to
the trephine biopsy to assess cytological detail. Bone
marrow trephine biopsies should be performed tomon-
itor disorders that were previously involved, especially
with focal infiltrates, and to assess overall hematopoietic
regeneration. Some of the bone marrow features seen
following myelosuppressive chemotherapy and in early
marrow regeneration are given in Table 1.8.

Assessment of disease response: The extent of residual
disease, is, for most disorders, best assessed on cyto-
logical detail in aspirated bone marrow. The post-
chemotherapy marrow sample should always be
reviewed alongside the diagnostic marrow to compare
morphological features. The number of neoplastic
cells requires accurate enumeration. Morphological
response criteria and the definition of remission status
vary by disease and according to the aims of therapy.
Treatment with curative intent generally requires the
demonstration of absence of neoplastic cells in the

marrow, by all criteria, including morphology.
Examples of complete morphological response are:

1. Acute myeloid leukemia: < 5% blast cells in the bone
marrow aspirate [22–23].

2. Myelodysplastic syndromes: loss of dysplastic
features and < 5% blast cells in the bone marrow
(necessitating both an aspirate and BMT
biopsy).

3. Plasma cell myeloma: ≤ 5% plasma cells in the
bone marrow aspirate and BMT [24–25].

4. Lymphoma: no abnormal lymphoid infiltrate in the
BMT.

5. Chronic myelogenous leukemia: no residual
morphological features of CML in the aspirate or
BMT biopsy [26].

The morphology should be reported in conjunction
with other test modalities which may have greater sen-
sitivity in disease monitoring, i.e. phenotyping, genetics.

Table 1.8. Post-chemotherapy and regenerative bone marrow changes following myelosuppressive chemotherapy.

Morphological
feature

Post-chemotherapy changes Early bone marrow regeneration

Bone marrow aspirate Bone marrow
trephine

Bone marrow aspirate Bone marrow
trephine

Bone marrow
structure

Hypocellularity
Reduced erythroid,
granulocytic and
megakaryocytic
activity

Aplasia or
hypoplasia
Absence of fat cells
Serous atrophy/edema
Sinusoidal expansion

Variable cellularity Reappearance of fat
cells Patchy
cellularity
Interstitial clusters of
immature cells

Erythroid series Dyserythropoiesis
Megaloblastic
differentiation

Disrupted erythroid
islands

Left shift Large erythroid
islands
Left shift

Granulocytic
series

Dysgranulopoiesis
Hypersegmented
neutrophils
Nuclear disruption
Döhle bodies

Reduced Left shift
Increased granulation
is common

Thickened band of
paratrabecular
myeloid precursors

Megakaryocytes Disrupted nuclear
lobes

Abnormal nuclear lobation Delayed megakaryopoiesis
compared to erythroid and
granulocytic series
Left shift, hypolobated
nuclei

Interstitial clusters
Left shift

Precursor cells Reduced Increased lymphoid
progenitors
(“hematogones”)

Clusters of
immature cells (may
be CD34-positive)

Other Necrotic tumor cells
Relative increase in lymphocytes, plasma cells,
macrophages and stromal cells

Mild reticulin
increase
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Assessment of effect of therapy on normal hematopoi-
esis: The effects of therapy on the bone marrow
depend on the type of drug/s, dose and duration, and
the timing of the sample following therapy. Systemic
myelosuppressive therapy generally causes ablation of
normal hematopoietic activity within a week of
administration. The major morphological changes
are marrow aplasia, edema and sinusoidal expansion
and are best seen in the trephine biopsy (Table 1.8 and
Figure 1.16). Some cytotoxic drugs cause dysplasia of
one or more hematopoietic cell lineages and this can
be difficult to distinguish from primary myelodyspla-
sia. Examples of drugs and the therapy-related mor-
phological changes they cause are:

1. Anti-metabolite drugs (e.g. hydroxycarbamide;
6-mercaptopurine): megaloblastic erythropoiesis.

2. CD20 immunotherapy: nodular aggregates of
reactive T-lymphocytes [27].

3. Dasatinib therapy: T-cell or natural killer cell
large granular lymphocytosis, which may be clonal
[28–29].

4. Cytokine therapy, e.g. G-CSF causes granulocytic
hyperplasia, left shift and toxic granulation.

Evaluation of bone marrow regeneration: Hemato-
poietic regeneration usually commences 7–10 days
after completion of myelosuppressive therapy and is
best assessed in a BMT biopsy (Table 1.8). The first
evidence of regeneration is interstitial erythroid
islands and paratrabecular immature myeloid
progenitors, followed later by megakaryocytes

(Figure 1.16b). Interstitial clusters of progenitor cells
in early regenerating marrows can be difficult to dis-
tinguish from residual neoplastic blast cells, espe-
cially in acute leukemia and myelodysplasia.
Immunocytochemistry may be required to resolve
whether these are leukemic cells or hematogones
[30]. Normal hematopoiesis and marrow cellularity
should be seen in 4–5 weeks.

Conclusion
Despite the explosion in our knowledge of the biology
of hematological malignancies, the art of morphology
using standard light microscopy continues to have a
pivotal role in the diagnosis and ongoing assessment
of hematological malignancies. Morphology is the
first test performed and with careful and systematic
analysis by a well-trained observer can be used to
formulate a provisional diagnosis. This forms the
foundation for informed decision-making regarding
the need for and determining which ancillary immu-
nological and genetic tests are required to reach a final
diagnosis. Ignoring morphology will result in poor
utilization of these newer more sophisticated investi-
gations. Morphology is therefore the key starting
point and is critical in the diagnosis of hematological
malignancies.
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2 Immunocytochemistry
Wendy N. Erber

Immunocytochemistry, or immunohistochemistry, is
the method by which antibodies are used to detect
cellular antigens in clinical samples. This can be per-
formed on all routine diagnostic samples, including
blood and bone marrow smears and bone marrow
trephine (BMT) biopsies, in the assessment of hema-
tological malignancies. The methodology enables
simultaneous assessment of antigen expression and
cell morphology so that cells of interest can be identi-
fied by their appearance and their phenotype deter-
mined. The major role of immunocytochemistry is
in the diagnosis and classification of hematological
malignancies, but it also has applications in lym-
phoma staging, determining prognosis, detecting
potential immuno-therapeutic targets and for disease
monitoring. Immunocytochemistry is used routinely
to determine the phenotype (lineage and stage of
differentiation) of neoplastic cells and is essential
for the classification of hematological malignancies
according to WHO criteria. This chapter describes
the principles and applications of immunocyto-
chemistry in the analysis of hematological malignan-
cies. It includes discussion of monoclonal antibodies,
hematopoietic differentiation and technical consid-
erations, and illustrates some applications with clin-
ical examples.

Monoclonal antibodies
The majority of antibodies used in immunocytochem-
istry are monoclonal antibodies. These were first gen-
erated in 1975 by fusing an immortal myeloma cell line
with splenic B-cells from an animal immunized with
the desired antigen [1]. The resulting hybridoma (or
hybrid cell) produces antibodies with unique heavy and
light chains and hence binding site. They are therefore
clonal, have a single specificity and are termed “mono-
clonal” antibodies. Many thousands of monoclonal

antibodies are available covering a wide range of cellu-
lar antigens. “Polyclonal” antibodies, in contrast, are
obtained from the serum of an animal that has been
immunized with antigen and therefore consist of a
mixture of immunoglobulins. Each polyclonal anti-
body has a range of specificities. In general, monoclonal
antibodies are preferred to polyclonals for immunocy-
tochemistry because of their greater specificity and
lower level of non-specific background staining.

Hybridoma technology was such a significant
breakthrough that by 1980 large numbers of mono-
clonal antibodies had been produced. These were ini-
tially named by the laboratory that developed them.
It soon became clear that complex and internationally
accepted standardized terminology was required to
enable direct comparisons to be made between anti-
body clones. In 1981 the CD Nomenclature was
introduced for antibodies to leukocyte differentiation-
associated antigens. A CD or “cluster of differentiation”
number refers to a group of monoclonal antibodies
that recognize the same cellular antigen. Antibodies of
the same CD cluster may however recognize different
epitopes of the antigen (i.e. antigenic determinants)
and consequently, antibodies with the same CD num-
ber may have slightly different reactivity patterns.
There are now 350 CD numbers and many antibodies
of these clusters have a role in the analysis of hemato-
logical malignancies [2].

Hematopoietic cell differentiation
and antigen expression
The availability of monoclonal antibodies to leukocyte
differentiation antigens has led to an explosion in our
knowledge and understanding of normal hemato-
poietic cell differentiation. Through this we have
learned that the antigenic profile of the majority of

Diagnostic Techniques in Hematological Malignancies, ed. Wendy N. Erber. Published by Cambridge University Press.
© Cambridge University Press 2010.
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the malignancies mimics that of the normal equivalent
cell. This phenotypic association between normal and
malignant cells is the guiding principle of the WHO
classification; it uses the antigen profile to classify neo-
plasms by cell lineage and their stage of differentiation
[3]. As a consequence, knowledge of normal antigen
expression during hematopoiesis is required so that
informed decisions can be made about appropriate
antibodies to be utilized in the asessment of hemato-
logical malignancies. A brief description follows
of normal antigen expression during differentiation
of B-cells, T-cells, natural killer cells and myeloid cells.

B-cell differentiation
Normal B-cells differentiate in the bone marrow
from B-lymphoid progenitor cells (B-lymphoblasts)
to become mature circulating B-lymphocytes.
During this maturation process they acquire and
lose antigens in a sequential fashion (Figure 2.1)
and rearrange their immunoglobulin heavy and
light chain genes. As the antigenic profile of malig-
nant B-cells tends to mirror that of their normal

B-cell counterpart, antibodies to B-lymphoid
differentiation-associated antigens can be used to
determine the stage of development of a B-cell neo-
plasm. Normal precursor or progenitor B-cells have
an immature B-cell phenotype expressing TdT,
CD10, CD19, CD22 (initially within the cytoplasm
and then on the cell membrane), CD79a and PAX5
antigens, and commonly CD34 antigen; this is also
the phenotype of B lymphoblastic leukemia/lym-
phoma. As the early B-cell matures, CD10 and
TdT antigens are lost and immunoglobulin (IgM)
and CD20 antigen are gained. A fully mature
B-lymphocyte expresses a number of pan-B cell
antigens (including CD19, CD20, CD22, CD79a
and PAX5) in addition to surface IgM and IgD
and either kappa or lambda light chains. In a
B-cell proliferation, the identification of restricted
light chain expression (κ:λ ≥ 4:1 or ≤ 1:3) is an
indicator of B-cell clonality [4]. However, it should
be noted that it is difficult to detect kappa and
lambda light chains on the surface of B-cells in
cell smears and bone marrow sections

Site of Differentiation:       Bone Marrow Lymphoid TissueBlood

Stem cell Progenitor- B Pre-B-cell Immature B-cell B-lymphocyte Germinal Centre
B-cell

Plasma cell

TdT

CD34

CD22cCD22

CD10 CD10; BCL-6

CD19, CD79a

PAX5

CD20

cyto µ cyto H/LsIgM

sIgD, kappa, lambda
CD38

CD138

B-lymphoblastic leukaemia / lymphoma Mature B-cell Neoplasms Myeloma 

CD45

Figure 2.1. B-cell differentiation and antigen expression.
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by immunocytochemistry due to the presence of
plasma immunoglobulin causing background stain-
ing. Light chain analysis is more amenable to flow
cytometry. When a naive mature B-cell is exposed
to antigen in lymphoid tissue and undergoes trans-
formation and proliferation to become a memory
B-cell, other antigens are acquired. Many of these are
useful in the diagnosis and classification of mature
B-cell neoplasms, e.g. CD5 and CD23 in chronic
lymphocytic leukemia, and BCL-6 in follicular lym-
phoma. Fully mature end-stage plasma cells have a
different antigenic profile from mature B-cells, hav-
ing lost pan-B-cell associated antigens CD20 and
CD22, leukocyte common antigen CD45 and surface
immunoglobulins, and acquired CD38, CD138 and
MUM1 antigens and cytoplasmic immunoglobulin
(heavy and light chains). CD19 antigen is expressed
by normal plasma cells but is generally absent from
neoplastic plasma cells.

T-cell differentiation
T-cell development occurs in the thymus with orderly
acquisition of T-cell associated antigens and sequential
rearrangement of the T-cell receptor α, β, γ and δ
genes (Figure 2.2). Early thymocytes express CD3
(cytoplasmic), CD7 antigen (membrane) and TdT
(nuclear) as well as CD45. Other T-cell associated
antigens are acquired during further differentiation
(cortical or intermediate thymocyte), specifically
CD1a, CD2 and CD5, and both CD4 and CD8 anti-
gens. CD3 is expressed on the cell membrane late in
T-cell maturation (mature thymocyte) at the time of
commitment to a helper/inducer CD4-positive T-cell
or a suppressor/cytotoxic CD8 T-cell. The fully mature
T-cell loses TdT, leaves the thymus and becomes a
mature functional T-lymphocyte. The majority of
mature T-cells express the αβ-T-cell receptor (TCR)
and only 2% the γδ-TCR. The phenotypes of T-cell

Lymphoid
stem cell

Early Thymocyte Cortical
Thymocyte

Medullary
Thymocyte

T-lymphocyte

CD2, CD5

cytoplasmic CD3

CD7

CD1a

TdT

surface CD3

dual CD4 / CD8

CD4

CD8

T-lymphoblastic leukaemia / lymphoma Mature T-cell
Neoplasms

CD34

Site of Differentiation: Thymus Blood

CD45

Figure 2.2. T-cell differentiation and antigen expression.
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malignancies generally mimic these stages of T-cell
development. T-cell clonality cannot be directly deter-
mined by phenotyping, but there are some useful
phenotypic features that can be used as surrogate
markers and which infer neoplasia, i.e.:

1. Aberrant loss of one or more T-cell antigen relative
to normal T-cell populations, typically CD3, CD5
or CD7 antigens.

2. T-cell subset antigen restriction (i.e. restricted CD4
or CD8) or predominance of either CD4 or CD8
expressing T-cells.

3. Dual-positive or dual-negative CD4 and CD8
expression.

4. Loss or reduced intensity of CD45 expression.
5. Restricted T-cell receptor γδ-positive T-cells

(rather than TCR αβ).
6. Restricted expression of the T-cell receptor β chain

variable regions (Vβ repertoire) as each T-cell
expresses only one of a restricted number of Vβ
chains.

7. Expression of additional or aberrant antigens
not expressed by normal T-cells (e.g. CD20,
CD30).

Natural-killer cells
Natural-killer (NK) cells are derived from committed
lymphoid progenitor cells in the bone marrow and
express NK-cell-associated antigens CD16, CD56,
CD57 and the killer-inducer receptor (KIR) CD158
antigen. There are a number of CD158 isoforms and
restricted expression of one of these, or total lack of
KIR antigens, are surrogates for NK-cell clonality (see
Chapter 10) [5,6]. T-cell-associated CD2 and CD7
antigens, and both the ε and δ chains of the CD3
molecule, are also expressed by NK-cells. Surface
CD3 is not expressed by NK-cells and the T-cell recep-
tor is in germline configuration, enabling NK-cells to
be distinguished from T-cells by both phenotype and
genotype.

Myeloid differentiation and antigen
expression
Myeloid cells undergo maturation within the bone
marrow from the common myeloid progenitor
(CD34, CD38 and HLA-DR positive) to fully mature
end-stage cells of erythroid, granulocytic, monocytic
and megakaryocytic lineages (Figure 2.3). As

maturation proceeds, the differentiating cells lose
CD34 and CD38 antigens and acquire lineage-
associated antigens. CD13 and CD33 are the most ubiq-
uitously expressed myeloid-associated antigens through
myeloid differentiation to mature neutrophils and
monocytes. Other antigens have more restricted expres-
sion and can be used to sub-classify cells of myeloid
lineage, as follows:

1. Myeloid/granulocytic: CD15, CD65,
myeloperoxidase (MPO), neutrophil elastase.

2. Monocyte: CD14, CD68, CD163 and lysozyme.
3. Erythroid: CD235a (glycophorin), hemoglobin A.
4. Megakaryocyte: CD31, CD41, CD42, CD61, Factor

VIII-related antigen.

The phenotype of myeloid cell neoplasms, in general,
reflects the normal counterpart, in a manner similar to
lymphoid cells.

Antibodies for immunocytochemistry
There is an extensive range of diagnostically useful
monoclonal antibodies available for the immunocy-
tochemical analysis of hematological malignancies
of both lymphoid and myeloid origin. These
may be:

1. Lineage-restricted: antibodies that identify antigens
that are restricted or specific to one lineage (e.g. Ig;
TCR; myeloperoxidase; CD138).

2. Lineage-associated: antibodies to antigens
associated with one lineage but which also react
with others (e.g. CD7, CD11c, CD56).

3. Differentiation stage-associated: antibodies to
antigens expressed at limited stages of
hematopoietic cell differentiation (e.g. CD34; TdT).

4. Pan-leukocyte: e.g. leukocyte common antigen
CD45.

5. Antibodies that recognize non-lineage-associated
cellular components (e.g. sub-cellular organelles,
cytoskeletal proteins or cell signaling molecules),
cell cycle antigens (e.g. Ki67), apoptosis-related
molecules and oncogenes.

In the majority of diagnostic settings a panel of anti-
bodies is required as there are few, if any, disease-specific
antigens. Antibodies that recognize lineage-restricted or
associated antigens can be used to determine the lineage
of a neoplasm (Table 2.1). Other antibodies are used to
assess the stage of cell differentiation (e.g. CD34, TdT).
Some malignant hematopoietic cells have inappropriate

2 Immunocytochemistry
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expression of normal cellular antigens such that phe-
notyping can discriminate between normal and neo-
plastic cells. This includes aberrant loss of antigens
expressed by a normal cell of that lineage or the
acquisition of antigens not normally associated with
that lineage (“lineage infidelity”). These aberrant phe-
notypes can support the diagnosis of malignancy with-
out evidence of clonality.

The hematologist or pathologist must determine
which of the enormous number of antibodies avail-
able to include in an immunocytochemistry panel
when analyzing an individual case. This will depend
on [7,8]:

1. The morphology of the cell population being
analyzed.

2. The pattern of bone marrow infiltration.
3. The provisional diagnosis.
4. Antibodies which will discriminate between

disorders.

5. The clinical question being asked, i.e. diagnosis,
staging, monitoring, prognosis or detecting a
potential therapeutic target.

6. Whether the phenotype of the abnormal
population is already known, e.g. from flow
cytometry or the phenotype from the primary
tissue site (e.g. lymph node).

7. Sample type being analyzed (i.e. blood or bone
marrow smears or fixed BMT biopsy).

Standard panels can be devised to cover common
diagnostic problems, such as small lymphocytic or
blast cell infiltrates. These panels can be formulated
to address cell lineage, stage of differentiation and be
able to identify disease-associated antigenic profiles.
Both very large and extremely small focused panels
should be avoided as these can be misleading. A struc-
tured two-panel approach is commonly utilized, espe-
cially for BMTs, as follows:

CD34 CD34

CD34

CD41

CD42

CD61

CD61

CD41

CD42

CD31 FVIIIRAg

Stem Cell

PlateletMegakaryoblast Megakaryocyte

CD34

CD235a

CD71

CD117

Erythroblast Erythrocyte

HLA-DR
CD38

HLA-DR

CD15

CD13

CD33 cMPO

CD117

CD65

Promyelocyte

Monocyte

Neutrophil

CD34

CD13

CD33 cMPO

CD117

Myeloblast

HLA-DR-

CD34
CD13

CD33
CD64

CD117

CD11c

Monoblast

CD14
CD13

CD33

CD64

Lysozyme

cCD68

CD11c

Promonocyte
HLA-DR

CD235a
HbA

Late Normoblast 

Common Myeloid 
Progenitor 

Granulocyte /
Macrophage Progenitor

Megakaryocyte/ 
ErythroidProgenitor 

Bone Marrow Blood

Figure 2.3. Myeloid differentiation and antigen expression.
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1. A primary comprehensive antibody panel to
determine the cell lineage and stage of
differentiation, and,

2. A more focused secondary panel to distinguish
between entities to reach a definitive classification.

This two-panel approach, which is also commonly uti-
lized in flow cytometry (see Chapter 3), averts the need
for a large number of possibly inappropriate antibodies
being used up-front. Tables 2.2 and 2.3 give examples of
this two-panel approach for blast or immature
cell proliferations and small lymphocytic infiltrates,
respectively. Although practical, strategy is not univer-
sally applicable, and especially not for unusual or atyp-
ical cases where individualized antibody panels are
commonly required. Details of the phenotypes of spe-
cific malignancies will not be discussed here but are
described in Chapters 7–15 in Section 2.

Immunocytochemical techniques
Immunocytochemical techniques are used to deter-
mine whether the antibody that has been applied to a
sample has bound to cellular antigen. The antigen–
antibody reaction is visualized by the use of a “label,”

such as a fluorescent dye or enzyme, which is linked to
the antibody. This technology dates back to 1941 when
Albert Coons first demonstrated the use of a fluores-
cently labeled antibody to localize cellular antigens in
tissue sections [9]. This immunofluorescent method
became widely used on fresh frozen tissue sections in
the 1950s, and in the 1970s began to be used for
leukemia diagnosis. However, because of the require-
ments for fluorescent microscopy this was not appli-
cable to routine diagnostic laboratories. Staining
techniques utilizing enzyme labels such, as horseradish
peroxidase and alkaline phosphatase, were subse-
quently developed in the 1970s and 1980s and largely
replaced fluorescence as the label of choice. Immu-
noenzyme methods are now used routinely in diag-
nostic haemato-pathology [10,11].

Antibody labels
Fluorescent labels
Immunofluorescent labeling is now only used in a few
applications (see below). The most commonly used
fluorescent labels (fluorochromes) are fluorescein

Table 2.1. Antibodies that recognize normal hematopoietic cells (see also Figures 2.1–2.3).

Lineage Differentiation stage Antibody

Leukocyte
common

Leukocyte common antigen
Hematopoietic stem cells

CD45
CD34, CD38

B-cells Precursor B-cells
Mature B-cells
Germinal center B-cells
Mantle zone B-cells
Plasma cells

CD10, CD19, CD22, CD34, CD79a,b, PAX5, HLA-DR, TdT
CD19, CD20, CD22, CD79a,b, PAX5, Igμ, Igδ, kappa, lambda, HLA-DR
CD10, BCL-6
CD5, CD23
CD19, CD38, CD138, VS38c, cytoplasmic kappa / lambda, MUM1, PAX5

T-cells Precursor T-cells
Mature T-cells

CD1a, CD2, cCD3, CD4, CD5, CD7, CD8, CD34, CD99 TdT
CD2, CD3, CD4, CD5, CD7, CD8, CD43, CD45RO, TCRαβ, TCRγδ

NK-cells CD2, CD7, CD8, CD16, CD56, CD57, CD158

Myeloid cells Myeloid precursors

Mature granulocytes
Mature monocytes/macrophages
Eosinophils
Basophils
Mast cells

CD13, CD33, CD34, CD38, CD117, MPO, neutrophil elastase,
HLA-DR
CD11c, CD13, CD15, CD16, CD33, MPO, neutrophil elastase
CD4, CD11c, CD13, CD14, CD33, CD64, CD68, CD163, lysozyme, HLA-DR
CD9, CD68
CD9, CD68
CD9, CD68, CD117, mast cell tryptase

Erythroid cells Proerythroblasts
Late normoblasts

CD71, CD235a
CD235a, hemoglobin A

Megakaryocytes Megakaryoblasts
Mature megakaryocytes

CD41, CD42, CD61
CD31, CD41, CD42, CD61, Factor VIII-related antigen

2 Immunocytochemistry
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Table 2.3. Example of two-panel approach for the assessment of small lymphocytic infiltrates in bone marrow.

1° Panel

Small lymphocytic infiltrate

CD2, CD3, CD5, CD10, CD19/PAX5, CD20

B-cell
CD19 / PAX5 +
CD20 +

T-cell
CD2 +
CD3 +
CD5 +

NK-cell
CD2 +
CD3 −
CD5 −

CD5 + CD5 – / CD10 + CD5 – / CD10 −

2° Panel (based on
results of 1° Panel)

CD23
Cyclin D1

BCL-2
BCL-6

BCL-6
CD11c
CD123

CD4
CD7
CD8
CD30
TCR αβ
TCR γδ

CD8
CD16
CD56
CD57

Diagnosis/differential
diagnosis

Chronic
lymphocytic
leukemia
Mantle cell
lymphoma

Follicular lymphoma Hairy cell leukemia
Extranodal
marginal
zone lymphoma
Other B-cell
non-Hodgkin
lymphoma

Mature T-cell
neoplasm

Mature NK-cell
neoplasm

Table 2.2. Example of two-panel approach for the investigation of a blast cell or immature cell bone marrow infiltrate.

1° Panel

Blast or immature cells

CD3, CD7, CD10, CD19/PAX5, CD34, CD45, CD117, Myeloperoxidase, TdT

B-cell
CD45 +
CD19 / PAX5 +
CD10 +/−

T-cell
CD45 +
CD3 +
CD7 +
TdT +
CD10 −/+
CD34 −/+

Myeloid
CD45 +
CD117 +
Myeloperoxidase
+/−
CD34 +/−

Plasma
cell
CD45 −
CD19 −
PAX5 −/+

Non-hemato-
poietic
CD45 −
All –

TdT+ and/or
CD34 +

TdT – and
CD34 −

2° Panel
(based on
results of
1° Panel)

CD20
CD79a

CD20
BCL-6
Cyclin D1
Ki67

CD1a
CD2
CD4
CD5
CD8

CD11c
CD15
CD33
CD61
CD68
CD235

CD38
CD56
CD138
Kappa
Lambda

Cytokeratin
CD56

Diagnosis/
differential
diagnosis

B-lymphoblastic
leukemia/
lymphoma

Mantle cell
lymphoma,
blastoid variant
Diffuse large
B-cell lymphoma
Burkitt lymphoma

T-lymphoblastic
leukemia /
lymphoma

Acute myeloid
leukemia and
subtypes

Anaplastic
myeloma

Metastatic
malignancy
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isothiocyanate (FITC), rhodamine and Texas red. The
fluorescent compound is the label which is deposited
at the site of antigen expression when antibody is
bound. Cells or tissue are counterstained, commonly
with 4’,6-diamidino-2-phenylindole (DAPI) or propi-
dium iodide which bind to DNA, to enable cell nuclei
to be visualized. Antigen labeling and cell nuclei are
viewed with a fluorescent microscope. The advantages
of immunofluorescent staining are:

1. Sub-cellular localization of an antigen can be
detected (e.g. membrane, nuclear, nucleolar,
organelle).

2. Multiple antigens can be detected on a single cell
when antibodies with different fluorochromes are
used and in association with appropriate analytical
filter combinations.

3. Immunofluorescent labeling can be combined
with fluorescence in situ hybridization (FISH) in
the FICTION (Fluorescence Immunophenotyping
and Interphase Cytogenetics as a Tool for the
Investigation of Neoplasms) method [12,13].

The major disadvantages of immunofluorescent label-
ing are:

1. The requirement for a fluorescent microscope.
2. Cell and tissue morphology cannot be easily

visualized.
3. The staining reaction is not permanent and must

be recorded photographically.
4. Background auto-fluorescence of the sample can

interfere with interpretation.

5. Hematologists and pathologists are not familiar
with fluorescent microscopy.

Despite these limitations, there are some specific appli-
cations where immunofluorescent staining is the most
appropriate test (see below: PML protein).

Enzyme labels
Horseradish peroxidase and alkaline phosphatase are the
most common enzyme labels used in immunocyto-
chemistry. Presence of the enzyme, which is detected
by the application of a chromogenic substrate, indicates
that antigen–antibody binding has occurred. Bound
enzyme catalyzes the substrate to produce a color reac-
tion and this is identifiable by light microscopy. Presence
of the color deposit therefore indicates expression of the
antigen in question. Both peroxidase and alkaline phos-
phatase enzymes occur naturally in hematopoietic cells.
Any endogenous enzyme activity present in the sample
must be blocked to avoid non-specific or background
staining which could otherwise interfere with the inter-
pretation of true positive staining.

Horseradish peroxidase: Immuno-peroxidase tech-
niques utilize horseradish peroxidase as the enzyme
label [10]. The high levels of endogenous peroxidase
activity in hematopoietic cells (especially erythroid
cells, neutrophils and eosinophils) must be blocked,
commonly by pre-treatment with hydrogen peroxide,
to prevent non-specific staining. The most commonly
used chromogenic substrate is 3,3’-diaminobenzidine
(DAB), which generates a brown color reaction
(Figure 2.4a). The intensity of this reaction product

ba

Figure 2.4. Examples of immunocytochemical staining.
a. Immuno-peroxidase staining of a bone marrow trephine of hairy cell leukemia stained with CD11c (DAB substrate).
b. Immuno-alkaline phosphatase staining of a blood smear of acute megakaryoblastic leukemia stained with CD61 antibody (Fast red substrate).
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can be enhanced by the addition of cobalt chloride,
nickel sulfate or copper sulfate to the DAB substrate.

Alkaline phosphatase: Immuno-alkaline phospha-
tase techniques were developed in the 1980s and use
calf intestinal alkaline phosphatase as the enzyme
label [11]. Endogenous alkaline phosphatase is
present in neutrophils but as this survives poorly in
fixed tissue and cell smears it rarely causes problems
of non-specific background staining. However any
residual endogenous enzyme activity can be selec-
tively inhibited by levamisole without interfering
with the alkaline phosphatase enzyme label. This
ability to completely block endogenous enzymatic
activity makes immuno-alkaline phosphatase meth-
ods preferable to peroxidase-based techniques for
hematological samples and particularly blood and
bone marrow smears. The chromogenic substrate
for alkaline phosphatase methods utilizes naphthol-
phosphate and a dye, most commonly Fast red or new
fuchsin. These generate a vivid red reaction product
and provide clear contrast from negative cells and

background erythrocytes in blood and bone marrow
(Figure 2.4b).

Technical aspects of immunocytochemistry
A number of immunocytochemical techniques are
available and in common use. These vary in their
complexity and sensitivity (Table 2.4 and Figure 2.5).
Direct method: This is a simple, rapid but insensitive
one-step method that uses a directly labeled primary
antibody (i.e. the label is directly conjugated to the
primary antibody). This is rarely used for immunocy-
tochemistry but is the most common technique for
flow cytometry (see Chapter 3).

Indirect method: This is a two-step procedure that
uses an unlabeled primary antibody (yellow) followed
by a labeled secondary antibody (red) (Figure 2.5a).
The secondary antibody is directed against the immu-
noglobulin of the animal species in which the first
antibody was raised and has the label (red circle)
directly conjugated to it. For example, a primary

Table 2.4. Outline of immunoenzyme labeling procedures.

Blood and bone marrow smears Bone marrow trephine sections

Block endogenous enzyme activity 

Apply primary antibody 

Incubate with detection reagents according to
immunoenzyme staining method used 

Apply chromogenic substrate 

Counterstain in hematoxylin 

Apply mounting medium and coverslip 

Microscopy, visualization of antigen expression
and interpretation 

Air-dry smears 

Fixation 

Deparaffinize / deacrylate and rehydrate

Antigen retrieval (heat or enzyme)

1 Diagnostic techniques
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mouse anti-human CD3 antibody is followed by a
labeled anti-mouse immunoglobulin raised in another
species such as rabbit or goat. This method is more
sensitive than the “direct” method because several sec-
ondary antibodies bind todifferent antigenic sites on the
primary antibody. This results in a greater number of
labels and therefore increased signal intensity. Further
amplification can be achievedwith a three-stage indirect
method: the two-stagemethod is performed followed by
a third stage, consisting of a labeled antibody directed
against the second antibody. Again, signal amplification
is achieved by the greater number of labels.

Polymer methods: Polymer-based methods are very
simple and sensitive two-stage procedures. The secon-
dary antibody is conjugated with a large number of
enzymemolecules attached to a polymer backbone (e.g.
dextran or other macromolecule). This increase in the
number of enzyme labels amplifies the signal intensity.

Unlabeled antibody bridge method: This is a 3-stage
method whereby the primary antibody is applied, fol-
lowed by an anti-species antibody which is added in
excess. The third stage is immune complexes formed
between an enzyme (the “label”) and its anti-enzyme
antibody (blue-Figure 2.5b). The anti-enzyme anti-
body is of the same species as the primary antibody.
Hence both the primary antibody and the anti-enzyme
antibody are bound to the second layer, the unlabeled
“antibody bridge.” This can be performed with perox-
idase (peroxidase anti-peroxidase or “PAP”) and alka-
line phosphatase (alkaline phosphatase anti-alkaline
phosphatase or “APAAP”) as the enzyme label
[10,11,14]. These are reported to be 100–1000 times
more sensitive than the two-stage indirect method.

Avidin-biotin complex (ABC) methods: This is a sen-
sitive staining method that uses avidin (greenX), a

large glycoprotein extracted from egg white, and
biotin (yellow triangle) with which it has high affinity.
In the ABC method, the primary antibody is applied,
followed by a biotinylated (i.e. biotin-conjugated) sec-
ondary antibody (Figure 2.5c). The third layer is an
avidin-biotin complex labeled with an enzyme.
Background staining can be a problem due to:

1. Non-specific binding of avidin to tissue lectins: this
can be reduced by replacing avidin with
streptavidin.

2. Endogenous biotin which is present in many cells
and exposed by antigen retrieval (see below).

Regardless of which of these techniques is used, the
chromogenic substrate must be applied on completion
of the immunocytochemical procedure. The sample is
then counterstained, most commonly with hematox-
ylin. This gives a blue nuclear counterstain which is
distinct from the red or brown substrate reaction
product and enables cell identification. A coverslip is
then applied to allow light microscopy review. The
stained slide can be stored permanently and reviewed
at a later date.

Double and triple staining
Double and triple immunocytochemical staining
can be performed to detect antigens on more than
one cell population (e.g. T-cells and B-cells) in a speci-
men. With immuno-enzyme methods, this is usually
performed by sequential application of immuno-
peroxidase and immuno-alkaline phosphatase meth-
ods. The chromogen for each must be carefully chosen
to ensure maximal discrimination between the
colors for the two antigen labels. Detection of two
antigens on the same cell is much more difficult to
interpret because of the problem in discriminating
mixed colors. Practically this can only be achieved

a b c Figure 2.5. Immunocytochemical
techniques (see text for explanation).
a. Indirect method.
b. Unlabeled “antibody bridge” method.
c. Avidin-biotin Complex (ABC) method.
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when the antigens are present in different cellular
compartments (e.g. surface membrane and nuclear);
it is virtually impossible to interpret when both
antigens are in the same part of the cell. For
these applications immuno-fluorescent methods are
preferable.

Samples
Cell smears: Immunocytochemistry can be per-
formed on directly prepared air-dried cell smears
or cytocentrifuged preparations of blood, bone mar-
row, fine needle aspirates or body fluids (e.g. cere-
brospinal fluid, pleural fluid). The smears can be
retained at room temperature for up to 7 days with-
out any loss of cellular antigens; alternatively the
slides can be wrapped and stored at −20 °C, indef-
initely, without loss of immuno-reactivity. Prior to
application of the primary antibody, the smears
must be at room temperature. They are then fixed
to stabilize antigens and enable antibodies to access
intracellular (as well as surface membrane) antigens.
A variety of fixatives can be used and these have
different effects on morphology and antigen expres-
sion. A compromise must be reached between opti-
mizing antigen expression without distorting
morphology; the preferred fixative is a combination
of acetone, methanol and formalin [14]. Following
fixation, endogenous enzyme activity is blocked and
then the immuno-enzymatic staining procedure per-
formed, as described above and detailed in Table 2.4
[14]. Despite the applicability of immunocytochem-
ical stains to cell smears, in general, flow cytometry
is the preferred method for analysing blood and
bone marrow aspirates. This is because of
the ability to analyze large numbers of cells rapidly
and assess the expression of multiple antigens
simultaneously. However, there are some situations
where immunocytochemical staining of cell smears
is preferable. The advantages and disadvantages of
the two approaches are listed in Table 2.5.

Bone marrow trephines: Immunocytochemistry of
BMT biopsy specimens is a widely used routine diag-
nostic procedure. However development of this tech-
nology for BMT had lagged behind cell smears and
other tissue specimens. This was because of concerns
that sample processing, especially decalcification
and plastic embedding in methyl-methacrylate, had
destroyed, denatured or “masked” cellular antigens,

preventing their binding by antibodies. These techni-
cal issues have now been overcome by:

1. Development of antibodies raised against epitopes
that survive tissue processing.

2. Improvements in bone marrow decalcification,
reducing the denaturation of antigens.

3. Improvements in antigen retrieval (see below).
4. Development of highly sensitive

immunocytochemical detection methods, as
described above.

As a result, immunocytochemistry can now be per-
formed on both formalin-fixed, decalcified paraffin-
embedded and plastic (methyl-methacrylate)-embedded
BMT biopsies, yielding excellent results [15]. The pro-
cedure for immunocytochemistry of BMT biopsies is as
follows. Sections of 1–4 µm thickness are cut on amicro-
tome and placed onto 3-aminopropyl methoxysilane
(APES) coated slides, to aid adhesion. Paraffin sections
are dewaxed, and plastic sections deacrylated, and then
rehydrated prior to antigen retrieval. Antigen retrieval is
the method by which antigens that may have been
“masked” or modified during fixation, decalcification
or embedding of the bone marrow trephine can be
“recovered.” Two main methods are used [16]:

1. Enzyme digestion: Proteolytic enzymes such as
proteinase K, protease, pepsin or pronase are used
to restore immuno-reactivity. Enzyme digestion is
time-dependent, with under-digestion resulting in
poor antigen exposure, and, over-digestion
destroying some epitopes and resulting in poor
morphology.

2. Heat-induced antigen (epitope) retrieval: Heating
tissue sections in a microwave oven, pressure cooker,
steamer, waterbath or autoclave in a buffer solution
(e.g. citrate, Tris; pH from 3–10) to expose masked
tissue antigens [17]. Heat-induced antigen retrieval
is, in general, more reliable than enzyme digestion,
increases the intensity of immuno-staining and gives
consistent high quality staining.

Following antigen retrieval, endogenous enzyme activ-
ity is blocked (as described above) and the primary
antibody applied. Due to the above-mentioned techni-
cal advances, the range of antigens that can be assessed
in BMTs is now virtually the same as for fresh cells and
flow cytometry. However, care must be taken when
selecting the antibody clone to be used. Different clones
may be required for fixed tissue (i.e. BMT) from those
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used for fresh cells; this is because some antibodies can
only detect formalin-resistant epitopes and vice versa.
The immuno-enzymatic staining procedure performed
is the same as for cell smears (Table 2.4).

Positive and negative controls
Both positive and negative controls should be included
with all immunocytochemical analyses as this guarantees
the quality of the procedure. Positive controls contain
cells known to express the antigen under investigation
and these should be fixed and processed using the same
protocol as the test sample. Usually there are normal cells
in the blood or marrow sample being analyzed that will
show clear positive staining of the relevant antigen. These

“internal” positive controls are the best indicator of the
integrity of the antigen and the sample being studied.
Absence of expected staining in the positive control
means that the staining in the test sample cannot be
interpreted. Normal bone marrow, normal tonsil or
normal blood can also be used as positive controls.

A negative control is a slide in which either the
primary antibody has been omitted or an irrelevant anti-
body, unreactive with hematopoietic cells, is substituted
for the primary antibody. Any staining on the negative
control indicates non-specific staining or endogenous
enzyme activity which has been inadequately quenched.
For most specimens there are internal negative control
cells, i.e. cells that lack the antigen being assessed.

Table 2.5. Advantages and disadvantages of immunocytochemistry and flow cytometry.

Immunocytochemistry Flow cytometry

Hematological specimens Air-dried smears of blood and bone marrow aspirate
Formalin-fixed decalcified paraffin BMT specimens
Resin-embedded BMT specimens

Fresh cells or tissue biopsy

Antibodies* Air-dried smears: unlimited
Paraffin sections: more limited
Resin-embedded: fewer antibodies available

Unlimited

Morphology Preservation of tissue architecture
Direct morphological identification of cells

No direct morphological correlation

Cell types All cell types can be analyzed Unsuitable for fragile and large cells

Cell viability Non-viable cells can be analyzed Requires viable cells
Loss of antigen viability with transport
> 24 hours

Simultaneous detection of
multiple antigens

Same cell: difficult to interpret
Different cell populations: yes

Routine
Multiple antigen analysis using multiple
fluorochromes

B-cell clonality Difficult to interpret due to background staining
from plasma immunoglobulin

Light chain restriction

Quantify antigen density No Yes

Interpretation Manual: subjective and semi-quantitative
Automated analysis methods available

Objective and quantitative
Depends on gating correct cell population

Value for rare cell analysis Yes: cell identification by morphology and antigen
expression

Requires knowledge of cell phenotype
Large numbers of cells must be analyzed

Minimal residual disease
assessment

Increased sensitivity over morphology alone Routine especially if the neoplastic cells have
a specific phenotype

Automation Automated immunostainer
Automated image capture analysis

Flow cytometer and software

Turn-around time 3 hours (usually performed after microscopy review) < 3 hours

Permanent record Yes: stained slides can be stored Listmode analysis for re-analyzing data

* Some antibody clones are specific for fresh cells and others for formalin-fixed tissue.
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Interpretation of
immunocytochemistry
Immunocytochemistry must be interpreted together
with the cellular morphology, and for bone marrow
trephines, the marrow architecture. The cells of inter-
est are identified by their morphology and location
and the presence (or absence) of the color reaction
determines whether the antigen in question is
expressed. Interpretation therefore requires:

1. Morphological expertise so that the correct
population of cells is analyzed.

2. Knowledge of the antigens being assessed (i.e. cell
expression pattern; sub-cellular localization).

3. Knowledge of the specificity of the antibodies that
have been used.

4. The question being asked, e.g. cell lineage,
diagnosis, prognosis, staging, residual disease or
detection of a potential therapeutic target.

Some scenarios are straightforward, e.g. an antigen
expressed (i.e. positive staining) by an abnormal cell
population may be diagnostic, or, an immunocyto-
chemical stain may positively identify neoplastic cells
that are not visible on standard microscopy, e.g.
Hodgkin cells. Other cases may be more difficult, e.g.
equivocal staining patterns or the results of a panel of
antibodies do not fit neatly into a diagnostic entity.
These need careful consideration and may require a
further panel of antibodies to resolve.

For some diseases there may be a need to enumer-
ate positively stained cells, e.g. percent CD34-positive
cells in myelodysplasia or CD138-positive plasma
cells. For cell smears, counting the number of positive
cells is generally straightforward and is analogous to
performing a nucleated differential cell count.
However cell enumeration is more difficult to perform
on BMT sections with wide inter-observer variability.
More accurate objective counts can be obtained with
automated methods that use a digital camera and
computer-assisted image analysis to quantify antigen-
positive cells. This is more rapid, reliable and re-
producible than semi-quantitative manual interpreta-
tion [18,19]. If the percent positive cells is to be
used for clinical decision-making, standardized
protocols should be used for sample preparation (fix-
ation, decalcification, processing into paraffin), sec-
tion thickness and the immunocytochemical
procedure.

Pitfalls and limitations of
immunocytochemistry
A number of technical or procedural problems can
interfere with the quality of immunocytochemical
staining and can potentially result in the incorrect
interpretation of positive and negative staining reac-
tions; common technical problems are listed in
Table 2.6. The most common are smears or sections
lifting from the slide, poor morphological preserva-
tion, background staining, no staining, weak staining
and patchy staining.

Some limitations remain despite the enormous
advances that have been made and the wide accept-
ability of immunocytochemistry in diagnostic prac-
tice. These include:

1. Relatively slow turn-around-time, especially for
BMTs, if only performed after the morphology has
been assessed.

2. The inability to detect more than one antigen on a
cell, as can be achieved by flow cytometry.

3. The inability to quantify antigen expression, i.e. to
discriminate weak from strong.

4. Limited sample size limits the number of
antibodies that can be used.

5. The inability to detect surface membrane
immunoglobulin and thereby assess clonality of
B-cells due to background plasma immunoglobulin.

Standardization and automation
Immunocytochemical staining is a technically demand-
ing, laborious, time-consuming procedure that is not
currently standardized and lacks reproducibility
between laboratories [20,21]. This lack of standardiza-
tion is because of the many variables involved in the
process, including tissue fixation (method and time),
decalcification (reagent and time) and processing, anti-
gen retrieval (method), choice of primary antibody,
immunocytochemical detection method and the overall
interpretation of staining. As increasing importance is
being placed on immunocytochemistry results in the
assessment of hematological malignancies, it is critical
that there be better standardization of methodology and
interpretation to ensure reproducibility. Approaches
being used to address this are automated tissue process-
ing, automated immunocytochemical staining, auto-
mated image analysis (as above) and external quality
assurance programs. Automation of immunocytochem-
istry has been introduced, primarily to cope with
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workload, and shown to produce more reliable, repro-
ducible, higher quality and standardized staining than
manual methods [16]. These machines can perform the
entire immunocytochemical process, including dewax-
ing of paraffin-embedded tissues, antigen retrieval, dilu-
tion and application of antibodies, applying the
chromogenic substrate and counterstaining; automation
is applicable to both tissue biopsies and cell smears [22].

Applications of immunocytochemistry
to hematological malignancies
Immunocytochemistry has an established and critical
role in the diagnosis and classification of hemato-
logical malignancies. It can also be used to provide
considerable information regarding prognosis and
disease staging, to detect antigens of potential

therapeutic significance and to monitor residual dis-
ease (Table 2.7). Some illustrative examples are
given.

Blood and bone marrow smears
Although the majority of cell phenotyping of blood
and bone marrow aspirates is performed by flow
cytometry, there are some specific situations where
immunocytochemistry on cell smears is preferred:

1. Morphology is required to identify the cell in
question.

2. Flow cytometry is unsuitable.
3. There is a need to assess antigen localization within

the cell.
4. Combined phenotype and genotype analyses.

Table 2.6. Pitfalls in the interpretation of immunocytochemical staining.

Specimen Staining defect Cause

All specimen types
(smears and sections)

Stain too weak or no
staining

Stain too strong

Background staining
(inter-cellular stain)

Non-specific staining
(false positive staining)

Unstained areas

Antibody concentration too low
Inadequate incubation time
Specimen dried out during staining

Incorrect antibody concentration
Incorrect incubation time

Incorrect antibody concentration
Inadequate washing steps
Endogenous enzyme activity
Section or smear dried during staining
Detecting cellular antigens that are present in high concentration in plasma (i.e.
kappa and lambda light chains)

Incorrect antibody concentration
Endogenous enzyme activity, i.e.:
• Peroxidase methods: erythrocytes, eosinophils, mast cells
• Alkaline phosphatase: neutrophils

Poor fixation
Air bubbles in the applied solutions

Air-dried smears No staining
Non-specific neutrophil
staining
Poor morphology
Smears lifted from the slide

Smears kept at room temperature for > 7 days
Smears kept at room temperature for > 7 days
Inadequate quenching of endogenous alkaline phosphatase
Poor fixation, e.g. smears not air-dried adequately prior to fixation
Smears not air-dried adequately prior to fixation
Smears too thick (especially bone marrow)
Fatty bone marrow aspirate sample

Bonemarrow trephine
biopsies

Poor tissue morphology

Sections detached from
slide

Edge of section stain
artefact

Poor fixation and/or decalcification
Problems with antigen retrieval: incorrect time, pH or concentration

Excess antigen retrieval
Sections not bound to slide surface

Incorrect tissue fixation time especially with small biopsies
Non-specific staining of the edge of tissues with some mercury-based fixatives
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Morphology is required to identify the cells of interest:
Immunocytochemistry of cell smears is the preferred
test when morphology is essential to identify the
cells of interest and determine their phenotype, e.g.:

1. There are only few abnormal cells present in the
sample.

2. The cells have a particular appearance requiring
simultaneous visualization of morphology and

Table 2.7. Applications of immunocytochemistry and clinical examples.

Application Principles Examples

Diagnosis and classification Determine cell type

Determine cell lineage

Determine stage of differentiation

Detect disease-associated phenotype

Clonality assessment: restricted
expression of molecules

Detect phenotype-genotype-
association

WHO-Classification

Lymphoid, myeloid or other

Lymphoid: T, B, NK-cell
Myeloid: granulocytic, monocytic, erythroid or
megakaryoblastic

Precursor or mature cell

Assist in differential diagnosis, e.g. small B-cell neoplasms
• Chronic lymphocytic leukemia: CD5, CD23
• Hairy cell leukemia: CD11c, CD25, CD103, CD123
Plasma cells: cytoplasmic kappa / lambda
T cells: restricted CD4 / CD8
NK-cells: restricted CD158 isoforms

PML-1 pattern in APML t(15;17); PML-RARA
Cyclin D1 in mantle cell lymphoma t(11;14); IgH-CCND1
CD10, TdT-negative in B-lymphoblastic leukemia with
chromosome 11(q23); MLL abnormalities

Determine by integration of phenotype with
morphology and genetic data

Disease staging Detect bone marrow involvement
by lymphoma

Non-Hodgkin lymphoma
Hodgkin lymphoma

Rare event analysis Determine the phenotype of
morphologically abnormal cells
present in small numbers

Enumeration of cells based on
phenotype

Establish cell lineage and stage of differentiation

CD34-positive stem cells, e.g. myelodysplastic syndromes
CD138-positive plasma cells, e.g. plasma cell myeloma

Detect potential immuno-
therapeutic targets

Detect leukocyte surface antigens that
may be targets for therapy

B-cell neoplasms: CD20, CD40, CD122
T-cell neoplasms: CD3, CD52
Acute myeloid leukemia: CD33
Anaplastic large cell lymphoma: CD30

Detect prognostic markers Detect antigens associated with
disease prognosis

Acute myeloid leukemia: cytoplasmic NPM
Chronic lymphocytic leukemia: CD38, ZAP70, p53
Plasma cell myeloma: CD27, CD28, CD33

Minimal residual disease
detection/monitoring therapeutic
response

Detect disease associated or aberrant
phenotype
Detect small numbers of cells
Localize cell clusters

Acute myeloid leukemia: monitor known blast cell
phenotype
Myelodysplastic syndromes: monitor CD34-positive cells
Plasma cell myeloma: CD56, CD138, light chain restriction
Follicular lymphoma: distinguish reactive from neoplastic
lymphoid cells (e.g. paratrabecular infiltrates or nodules)

Assess bonemarrow regeneration Detect regenerating hematopoiesis CD10, CD34, CD61, CD117, CD235, myeloperoxidase, TdT

Internal quality assurance Utilize antibodies and
immunocytochemistry to confirm
morphological findings

All disorders and antibodies
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antigen expression, e.g. large anaplastic cells
(Figure 2.6).

3. The cells of interest are present in clusters
precluding analysis by flow cytometry.

4. The abnormal cells cannot be identified with
certainty on flow cytometry. For example platelets
can adhere to the surface of blast cells and, on flow
cytometry, the phenotype can be misinterpreted as
that of megakaryoblasts and give a false diagnosis.
Immunocytochemistry averts this as there is
morphological identification of the positive events
(see Figure 2.4b).

Flow cytometry is unsuitable: There are situations
when flow cytometry cannot be performed but air-
dried smears are available which are suitable for
immunocytochemical analysis. For example:

1. There is no or insufficient bone marrow aspirate
sample available for flow cytometry, e.g. when a
neoplasm was not a diagnostic consideration, but
air-dried smears are available.

2. Presence of large abnormal cells in the sample
which are unsuitable for flow cytometry.

3. Non-viable cells in the sample.
4. Technical reasons, e.g. availability of resource,

appropriate antibodies, machine.

Cellular localization of antigen: Immunocytochem-
ical staining of cell smears can be used to assess the
cellular localization and pattern of an intracellular
protein. For example, in acute myeloid leukemia

immunofluorescent staining of blood or bone mar-
row aspirate smears can be used to assess PML
protein expression. A micro-granular speckled
nuclear pattern resulting from disruption of PML
bodies is a surrogate marker of the chromosomal
translocation t(15;17); PML-RARA and can only be
assessed by immunofluorescent staining (Figure 2.7)
[23]. Flow cytometry is non-discriminatory in this
situation and would yield a positive signal irrespec-
tive of the number and cellular distribution of PML
bodies.

Combined phenotyping and genotyping: Phenotyping
and genotyping can be integrated in a single analysis
using FICTION (Fluorescence Immunophenotyping
and interphase Cytogenetics as a Tool for the
Investigation of Neoplasms). FICTION combines
immuno fluorescent labeling and Interphase fluores-
cence in situ hybridization and can be performed on
cell smears or bone marrow biopsy sections [24]. This
integrated phenotypic–genotypic fluorescent method
enables specific genetic abnormalities (e.g. gene trans-
locations; numerical abnormalities) to be assessed in
cells that have been identified by their phenotype.
Figure 2.8 illustrates FICTION in a bone marrow aspi-
rate of a case of multiple myeloma; CD138 reactivity
identifies the plasma cells and FISH shows del(17p).
FICTION has applications at diagnosis and for the
assessment of residual disease post-therapy and
can be performed on cell smears and tissue sections
[12,13].

ba

Figure 2.6. Anaplastic large cell lymphoma in a bone marrow aspirate.
a. Romanowsky stain showing a single large anaplastic cell with an eccentric indented nucleus and azurophilic cytoplasmic granules.
b. CD30 staining (APAAP method) showing the large neoplastic cell, which has the same morphological features as (a) and a smaller cell to be
positive.
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Bone marrow trephines
Immunocytochemistry of the BMT is essential in the
following situations:

1. Bone marrow is inaspirable.
2. Focal bone marrow lesions.
3. Lymphoma staging.

4. To meet specific WHO diagnostic criteria.
5. Only few abnormal cells are present in the marrow

(“rare events”).

In other situations, immunocytochemistry of the tre-
phine biopsy may not be required as the cell phenotype
may already be known from phenotyping (e.g. flow
cytometry) of blood or the bone marrow aspirate. In
these settings it can still be beneficial to have a baseline
phenotype on the trephine biopsy which can subse-
quently be used to monitor disease following therapy.
Illustrative examples of the role of BMT immunocy-
tochemistry are given.

Inaspirable bone marrow: A BMT biopsy must be
performed when bone marrow cannot be aspirated
(a “dry tap”). This most commonly occurs due to
marrow fibrosis, significant hypercellularity or
because of technical issues. When marrow is inaspir-
able and an abnormal population is present, cell
phenotyping must be performed on the trephine
biopsy to reach a diagnosis. The antibodies to be
used on the BMT will be analogous to those that
would have been applied to the aspirate and flow
cytometry to:

1. Determine the lineage, stage of differentiation and
phenotype of an abnormal cell infiltrate
(Figure 2.9). Appropriate antibodies should be

a b

Figure 2.7. Immunofluorescent staining
for PML protein using an anti-PML antibody
and DAPI counterstain (blue).
a. Normal pattern with few large PML
bodies in acute myeloid leukemia.
b. Abnormal micropunctate speckled
pattern in acute promyelocytic leukemia.

Figure 2.8. FICTION on a bone marrow smear of multiple myeloma.
Immunofluorescence with CD138-Alexa Fluor 350 (blue surface
antigen expression) identifies the plasma cells and interphase FISH
with TP53 (red; R) and chromosome 17 centromere (green; G) probes.
Four CD138-positive plasma cells are present, two of which have a
normal signal (2R2G) pattern and two with deletion of TP53 (1R2G).
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selected based on the marrow histology
and cytological features. A non-hematopoietic
malignancy should be considered if
CD45 (leukocyte common antigen) is negative.

2. To enumerate antigen-positive cells, e.g. CD34-
positive cells in primary myelofibrosis.

Focal bone marrow infiltrates: Focal bone marrow
lesions may be paratrabecular, interstitial, intravascu-
lar or sinusoidal. The cells within these foci may be
encased in a reticulin network and consequently aspi-
rated bone marrow may not contain the abnormal
cells and phenotypic analysis of the aspirate may be
misleading. Immunocytochemistry of the bone

marrow trephine is therefore the only method that
can be used to characterize the cells within these
focal cell infiltrates. This is demonstrated in
Figure 2.10 which shows the role of immunocyto-
chemistry in phenotyping the paratrabecular infil-
trates of follicular lymphoma (Figure 2.10a, b) and
systemic mastocytosis (Figure 2.10c, d). The antibod-
ies to use will depend on the clinical history, marrow
architecture, cytology of the cells within the focal
lesions and whether it is a staging marrow (hence,
known phenotype) or a diagnostic sample (unknown
phenotype).

One of the most common and important questions
that can be addressed is whether interstitial lymphoid

ba

dc

Figure 2.9. Immunocytochemistry of bone marrow trephine biopsies. In all cases illustrated bone marrow was inaspirable (“dry tap”).
a. Acute megakaryoblastic leukemia stained with a CD61 antibody showing extensive bone marrow infiltration by neoplastic cells of
megakaryocytic origin (immuno-alkaline phosphatase and Fast red).

b. Hodgkin lymphoma stained with CD30 antibody highlighting the neoplastic Hodgkin cells (immuno-alkaline phosphatase and Fast red).
c. Erythroleukemia (pure erythroid leukemia) stained with CD235 (glycophorin A) showing extensive bone marrow infiltration by blast cells of
erythroid lineage (immuno-peroxidase and DAB).

d. Acute myeloid leukemia stained with CD33 showing the blast cells to be positive (immuno-peroxidase and DAB).
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nodules are benign or malignant. Although some mor-
phological features are helpful (e.g. location, polymor-
phous or monotonous, presence of germinal centers,
organized or disordered reticulin pattern), immunocy-
tochemistry is generally required. Features that would
favor malignancy are a monomorphic B- or T-cell infil-
trate, expression of an abnormal lymphoid phenotype
and plasma cell monotypia. A clinical history of lym-
phomawould also suggest residualmarrow involvement
by lymphoma; however this is not necessarily the case
as benign lymphoid infiltrates can mimic residual
disease.

Particular care must be taken when assessing lym-
phoid lesions following CD20 immunotherapy since
these may be interpreted as false negative or false
positive for lymphoma (Figure 2.11):

1. False negative: The CD20 antigen expression
may be lost or weak and B-cells may be
undetectable. Persistent bone marrow infiltration
by the B-cell neoplasm may therefore be
CD20-negative. Alternative B-cell antibodies (e.g.
CD79a, PAX5) must be used to monitor B-cell
lymphomas [25].

2. False positive: Reactive nodular T-cell infiltrates in
the marrow can mimic residual lymphoma [26].

Lymphoma staging and monitoring: Immunocyto-
chemistry on the bone marrow trephine can be used
to highlight low levels of neoplastic infiltration (e.g.
single cells or small foci of disease) and thereby increases
the sensitivity and accuracy for the detection of marrow
involvement by lymphoma [27]. This is for all types of

ba

dc

Figure 2.10. Immunocytochemistry of focal bone marrow infiltrates (immunoperoxidase and DAB).
a. Follicular lymphoma showing a paratrabecular lymphoid infiltrate (H&E). In (b) the neoplastic B cells are highlighted
with a CD20 antibody.

c. Systemic mastocytosis with a paratrabecular infiltrate (H&E). In (d) the neoplastic cells mast cells are CD117 positive.
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lymphoma, and is irrespective of the pattern of marrow
involvement. The antibodies to use will be determined
by the known phenotype of the neoplastic cells (i.e.
from the primary diagnostic material, e.g. lymph
node). Immunocytochemistry is of particular impor-
tance for staging mature T/NK-cell neoplasms as mar-
row infiltrates of these diseases are commonly subtle
(interstitial or sinusoidal pattern) and can go unde-
tected on routine hematoxylin and eosin staining.
Since bone marrow involvement by these lymphomas
has poor prognostic significance, it is critical that
immunocytochemistry be performed. For suspected
intravascular or sinusoidal infiltrates double immuno-
cytochemical staining may be useful to identify and
localize the abnormal cells (Figure 2.12).

Immunocytochemistry to meet diagnostic criteria:
Some diseases require bone marrow immunocyto-
chemistry to meet the disease definition. For example,
for systemic mastocytosis one of the diagnostic criteria
required to meet theWHO definition is the expression
of CD2 and/or CD25 by the mast cells in the bone
marrow trephine biopsy. Other examples are Burkitt
lymphoma which is associated with nearly 100% Ki67
positivity, a measure of cells in cell cycle, and in sus-
pected hairy cell leukemia where absence of CD11c
expression virtually excludes the diagnosis.

Rare event analysis: Immunocytochemistry of the
bone marrow trephine can be used to identify rare
events, such as:

1. To determine the phenotype of morphologically
identifiable abnormal cells that are only present in
the marrow in low numbers.

2. To identify malignant cells that are not readily
detected in the aspirate and hence cannot be
analyzed by flow cytometry. Examples include the
identification of Reed–Sternberg and Hodgkin cells
in Hodgkin lymphoma (CD30-, CD15-and
MUM1-positive, CD45-negative – see Figure 2.9b),
and, metastatic infiltrates (e.g. carcinoma) that may
mimic a hematopoietic neoplasm.

3. To highlight specific cells or cell types whichmay not
be evident on H&E staining but can be identified
based on their phenotype (see Figure 2.12).

This application increases the sensitivity and accuracy
of assessing small numbers of cells, their location
and pattern (e.g. clusters; paratrabecular; sinusoidal)
within the marrow.

Detection of antigens of clinical significance: New
emphasis is being placed on immunocytochemistry
to provide information to guide clinical decision-
making. This is for the following applications:

1. Detection of antigens associated with prognosis. For
example, the identification of aberrant cytoplasmic
nucleophosmin in bone marrow trephines of acute
myeloid leukemia associated with NPM1mutations
and good prognosis (Figure 2.13) [3,28].

2. To detect antigens that may be potential
therapeutic targets. For example, CD20 positivity

ba

Figure 2.11. Reactive nodular T-cell infiltrate in the marrow following CD20 immunotherapy for chronic lymphocytic leukemia.
a. The interstitial lymphoid nodule showing predominantly small lymphoid cells. On H&E the differential diagnosis is between nodular CLL and a
reactive lymphoid nodule.

b. Immuno-peroxidase staining for CD3 shows the lymphoid nodule to be comprised of T-cells and is therefore reactive and not residual
leukemia (DAB substrate).
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in B-cell neoplasms or CD52 in mature T-cell
neoplasms.

3. To detect phenotypes associated with specific
genetic abnormalities. Products of up- or
dysregulated genes resulting from genetic
aberrations (e.g. mutations or translocations) can
be detected by immunocytochemistry e.g. Cyclin
D1 in neoplasms with t(11;14);
CCND1-IGH. Other examples are given in
Table 2.8.

Disease monitoring: Residual disease monitoring is,
in general, more amenable to flow cytometry on the
bone marrow aspirate than immunocytochemical

analysis on the trephine biopsy. If, however, a
disease-associated phenotype was established at diag-
nosis, then this can be used to monitor disease in the
BMT following therapy. This increases the sensitivity
over morphology alone for the detection of low-level
residual disease and to discriminate between malig-
nant cells and regenerating marrow. However if the
neoplastic cell does not have a unique phenotype it
can be very difficult to determine the presence or
extent of residual disease. For example, regenerating
B-lymphoid cells and residual B-lymphoblastic leuke-
mia/lymphoma have the same phenotype (CD10-,
CD19-, TdT-positive)-making it virtually impossible
to discriminate between regeneration and residual

ba

dc

Figure 2.12. Diffuse large B-cell lymphoma staging bone marrow showing an intravascular pattern of involvement.
a. The neoplastic infiltrate is subtle and difficult to identify on H&E stain.
b. CD20 highlights clusters of B-cells in the marrow (immuno-peroxidase and DAB).
c. CD34 staining of endothelial cells highlights the expanded vascular spaces (immuno-peroxidase and DAB).
d. Double immunocytochemical staining for the B-cells (CD20 – immuno-alkaline phosphatase; Fast red) and the endothelium (CD34 immuno-

peroxidase and DAB; brown) shows the neoplastic B-cell infiltrate to be intravascular.
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leukemia. The pattern of infiltration by the cells may
be helpful as normal regenerating B-lymphoid cells
are usually scattered throughout the marrow, whereas
residual leukemic cells may be present in small foci.

Conclusion
Immunocytochemistry, in conjunction with morphol-
ogy, has an established and essential role in the assess-
ment of hematological malignancies. The antibody
repertoire and techniques available enable immuno-
cytochemistry to be performed on all routine diagnostic
blood and bone marrow biopsy specimens. Applications
of the technology extend beyond diagnosis with an
expanding role for the assessment of residual disease,
predicting prognosis and identifying potential therapeu-
tic targets. Developments in automation, new antibodies,
refinement and standardization of the methodology,
incorporation with FISH, and automation of analysis
and interpretation will result in further new applications
for immunocytochemistry in diagnostic practice.
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3 Flow cytometry
Maryalice Stetler-Stevenson and Constance M. Yuan

Introduction
Flow cytometry immunophenotyping (FCI) is invalu-
able in the diagnosis and classification of hematolym-
phoid neoplasms, in determining prognosis and
monitoring therapy. It is especially suited for the
immunophenotypic analysis of blood, body fluids
(e.g. cerebrospinal fluid, pleural fluid), bone marrow
aspirates and cells extracted from lymphoid tissue.
Flow cytometry is ideal for small samples; its multi-
parametric nature allows concurrent staining of cells
with multiple antibodies conjugated with different
fluorochromes, thus maximizing the data that can be
obtained from a few cells. Flow cytometry can charac-
terize surface and intra-cellular (cytoplasmic and
nuclear) antigen expression, and can provide highly
accurate quantitation of cellular antigen expression.
Flow cytometry identification of potential therapeutic
targets on the surface of malignant cells is an expand-
ing application due to the increasing use of antibody-

based therapies. Flow cytometry analysis also provides
high sensitivity in the detection of minimal disease (on
the order of 1 in 104–6), to monitor disease progression
and/or the impact of prior therapy. This chapter will
describe the principles and applications of FCI in the
diagnosis and analysis of hematological malignancies.

Principles of flow cytometry
In a flow cytometer, cells in fluid suspension rapidly
pass in single-file through a finely focused laser beam
at an appropriate wavelength. The cell momentarily
breaks the laser beam, simultaneously scattering light
and, if fluorochrome-conjugated antibody is bound,
emitting light from the fluorochromes. The light is
detected by an intricate combination of filters, mirrors
and detectors, collected and saved as digital informa-
tion (Figure 3.1). Computer analysis of these data
allows characterization of each individual cell for a
number of parameters.

Cell suspension

Sheath fluid

   S
ide

 scatter

detector

   Dichroic
mirrors/filters Filter

Filter

Forward
  scatter
 detector

Fluorescence

    d
etector

Fluorescence

    detector

Direction of
flow

Laser

Figure 3.1. Schematic diagram of a flow
cytometer. The signals received by the
forward scatter detector reflect cell size.
Side scatter gives an indication of cell
internal complexity. The fluorescence
detectors detect the light signals emitted
from each fluorescent label
(fluorochromes).
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Light scatter
As each cell passes through the laser, it scatters light at
a low angle (forward scatter), almost like casting a
shadow. This forward scatter (FSC) is reflective of
the cell volume. Laser light is simultaneously scattered
at a high angle (side scatter, SSC) which is proportional
to the cell’s complexity. This is determined by a num-
ber of cellular features including the type and amount
of cytoplasmic granularity and the nuclear character-
istics. These physical scatter properties can be used to
define various cell types, and are the basis for the
automated leukocyte differential count in many com-
mercial hematology blood count analyzers [1].

Fluorochromes
Cells can be further characterized by using fluorescent
markers, such as fluorochrome-conjugated antibodies
or DNA-binding dyes. Fluorochrome-conjugated
antibodies are used to assess the expression of a cellu-
lar antigen. If a cell expresses an antigen that binds to a
fluorochrome-conjugated antibody, fluorescent light

is emitted by the fluorochrome and this can be meas-
ured. If used in combination with DNA binding dyes,
the DNA content can also be determined.

Lasers of various wavelengths in the visible spec-
tra and in the UV spectra excite the fluorochromes
and the emitted light is measured by the detectors. In
this way signals from each antibody bound to a single
cell can be recorded. A variety of fluorochromes
(“colors”) are available with unique excitation and
emission characteristics depending upon the types
of lasers used (Table 3.1) [2]. Light emitted from
each fluorochrome has uniquely identifiable spectral
characteristics, enabling multiple combinations to be
measured simultaneously with multiple detectors.
The fluorochromes also differ in the amount or
intensity of emitted fluorescence. Consequently the
most appropriate fluorochrome must be selected for
each antibody to maximize antigen detection (i.e.
bright fluorochrome such as phycoerythrin for a
dimly expressed antigen). Multiple fluorochromes
can be used simultaneously and 3-color analysis is
regarded as the minimal acceptable standard for reli-
able discrimination of neoplastic cell populations in a
broad range of sample types [2,3]. Most clinical labo-
ratories utilize 4- to 6-color FCI, and protocols are
being developed for more than 8-color analyses.

Compensation
The advantage of using multiple fluorochromes is the
increased number of parameters that can be measured
simultaneously [4]. The disadvantage is that the emis-
sion spectra from the varying fluorochromes will
inevitably exhibit some overlap (i.e. signal spilling
from one channel into an adjacent channel) resulting
in a degree of false signal positivity in that adjacent
channel [2,4]. Using fluorochromes with narrow emis-
sion spectra can help overcome this.

When the emission spectra of fluorochromes
overlap the proportion of overlapping signal needs to
be subtracted from the adjacent channel, a process
called “compensation” [2]. Compensation is unique
to each combination of fluorochromes utilized in a
single tube. To perform compensation, each antibody-
fluorochrome is acquired on the machine individually,
and the spillage between channels is subtracted.
Traditionally compensation has been performed
manually, by visual inspection. Appropriate training
is required to perform compensation, as under-
compensation can result in weak false positivity while

Table 3.1. Characteristics of common fluorochromes used in
clinical flow cytometry.

Fluorochrome Absorption
(Maximum nm)

Emission
(Maximum nm)

Pacific Blue 405 455

AmCyan 457 491

FITC (fluoroscein) 494 519

Alexa Fluor 488 495 519

PE (phycoerythrin) 496, 564 578

ECD (PE-Texas Red
tandem)

496, 564 615

APC (allophycocyanin) 650 660

Alexa Fluor 647 650 668

PE-Cy5 (PE-cyanine dye
tandem)

496, 564 667

PerCP
(peridinin-chlorophyll)

482 678

PerCP-Cy5.5 (PerCP-
cyanine dye tandem)

482 695

PE-Cy7 (PE-cyanine dye
tandem)

496, 564 785

APC-Cy7 (APC-cyanine dye
tandem)

650 785
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over-compensation can result in false negativity [2].
Compensation has become more complex with the use
of increasingly large combinations of fluorochromes
and digital instead of analog flow cytometers. Multi-
parameter FCI in a digital machine necessitates com-
pensation through the use of a software compensation
matrix for optimal results [2,4]. The software mathe-
matically creates a matrix from single fluorochrome
controls, to optimize compensation. It is strongly rec-
ommended that this approach be used as visual inspec-
tion and manual compensation will undoubtedly
produce errors of over- or under-compensation when
there are so many parameters.

Number of events
It is critical that sufficient events are acquired to ensure
even small populations of cells can be identified.
Inadequate data acquisition may result in significant
populations (e.g. small numbers of neoplastic cells)
being undetectable. A minimum of 10 000 total events
(cells) per collection tube should be acquired as
ungated listmode data [2]. This is generally adequate
to represent both normal (for internal positive and
negative controls) and malignant cells (for disease
characterization). When testing for minimal residual
disease, the number of events acquired should be suf-
ficient to yield at least 200 tumor cells; this may require
the analysis of 50 000 or more events.

Gating
Analysis software facilitates the identification of spe-
cific cell populations of interest from within a mixed
population. This is performed by “gating” or the
electronic selection of events that meet certain cri-
teria [2]. For example, gating on events with low
SSC and CD20 positivity identifies B-lymphocytes.
Sequential gates can also be created, which enables
highly selected populations of interest to be identi-
fied; these can ultimately be quite small populations.
Gates can also serve as “boundary lines,” designed
to surround normal populations; any atypical popu-
lations falling outside of these can then be easily
identified. This approach is particularly useful in
distinguishing between neoplastic cells and their nor-
mal counterparts, e.g. normal B-cell precursors/hem-
atogones and neoplastic B-lymphoblastic leukemia/
lymphoma cells [5].

The choice of gating strategies is vital and the use
of criteria that are too restrictive or too inclusive may

prevent the detection and isolation of an abnormal cell
population. Examples are:

1. Ungated analysis: is sufficient when the majority of
cells in a sample are abnormal, e.g. peripheral
blood with 90% leukemia cells.

2. FSC versus SSC: a commonly used analysis gating
strategy (Figure 3.2A). Neoplastic cells may be
detected as a population with distinctly different FSC
or SSC properties relative to the normal cells present.

3. Combination of light scatter (FSC or SSC) and
fluorescence, useful for analyzing mixed cell
populations not resolved by light scatter alone. An
example is CD45 versus SSC gating (Figure 3.2B),
useful in examination of bone marrow aspirates,
immature hematolymphoid cells and specimens
with non-hematolymphoid elements.

Most software products allow subpopulations to
be assigned different colors, permitting these popula-
tions to be followed through multiple successive dual
display scatter plots thereby facilitating the detection
and immunophenotypic characterization of abnormal
populations (Figure 3.2C).

Interpretation of flow cytometry
Flow cytometry interpretation has evolved from a
simple “positive” or “negative” for a given antigen, to
an assessment of the number of cells and the degree or
intensity of antigen expression [2]. The latter is highly
reliable in discriminating between cell types, and can
be useful in identifying characteristic features and
patterns unique to certain malignancies. Since the
antigen expression of many hematological malignan-
cies overlaps with their normal counterparts, the abil-
ity of FCI to highlight subtle temporal patterns and
differences in antigen intensity can be discriminatory,
making it a powerful diagnostic tool. Examples are the
differential expression of CD20 antigen in normal
B-cells and chronic lymphocytic leukemia (weak),
CD7 expression in T-cell prolymphocytic leukemia
(strong) and CD45 in hairy cell leukemia (strong).

Reporting flow cytometry
The flow cytometry report should include the flow
cytometry results together with an overall interpreta-
tion. The following information should be reported:

1. Patient information: demographics (at least two
unique patient identifiers) and, clinical history,
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prior therapy and previous flow cytometry results,
if available.

2. Sample details: sample type and date of collection.
3. Sample viability.
4. Region (cell type) analyzed: gating strategy used,

population analyzed and the number of events
acquired.

5. Results: an estimate of the percentage of abnormal
cells in the speciman; the phenotype of the cell
population analyzed (antigens expressed and
unexpected loss or down-regulation), including
fluorescence intensity for relevant antigens. relevant
negatively for appropriate antigens, disease-
associated phenotype and/or descriptive text [6].

6. Data interpretation or conclusion: descriptive
summary of the findings, correlation with
morphology, overall diagnosis, WHO
classification, genotype association, prognostic
indicators or extent of residual disease.

Indications for flow cytometry of
hematological malignancies
Historically, the indications for FCI had been based
upon final diagnosis; for example FCI in the analysis of

“acute leukemia” but not the chronic phase of chronic
myelogenous leukemia. This approach is, however,
not practical as one must decide whether or not to
perform FCI based upon the presenting clinical fea-
tures and morphology and not the final diagnosis; the
diagnosis is often reached using FCI data. To address
this anomaly the 2006 Bethesda International
Consensus Conference on Flow Cytometric
Immunophenotyping of Hematolymphoid Neoplasia
developed a set of recommended medical indications
for FCI based upon the patient’s clinical scenario [6].

Identification of blast cells or atypical mononu-
clear cells in a specimen is an absolute indication for
FCI [6,7]. Flow cytometry plays an important role in
the diagnosis as well as classification of acute leukemia
and can assist in the appropriate interpretation of
proliferations of maturing blasts in normal bone mar-
row. When atypical mononuclear cells are detected in
body fluids, FCI is useful to differentiate hematolym-
phoid neoplasia from reactive activated lymphoid
cells. Furthermore, FCI is more sensitive than mor-
phology alone in the detection of neoplastic cells in
body fluids, and, as such, FCI is indicated when hem-
atolymphoid neoplasia is suspected in the evaluation
of serous effusions, CSF and aqueous or vitreous

Figure 3.2. Examples of gating strategies
that can be used in flow cytometry.
A. FSC versus SSC gating: Abnormal T-cells

with abnormally high FSC (red) are large,
CD3 positive, CD4 positive and dim to
negative for CD8.

B. CD45 versus SSC gating of a bone
marrow aspirate: A population with dim
CD45 and low SSC cells are gated (red)
and shown to be CD19 and CD10
positive leukemic cells.

C. Gating on cells with an abnormal
phenotype: An abnormal CD5-positive
and CD3-negative T cell population
(green) is gated and analyzed further.
These abnormal T-cells express CD2 and
CD10, the phenotype of
angioimmunoblastic T cell lymphoma.
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humor [6,8]. Flow cytometry is also extremely useful
in the diagnosis and subclassification of non-Hodgkin
lymphoma and leukemic infiltration of tissues. This
testing is therefore indicated in lymphadenopathy,
organomegaly (especially splenomegaly and hepato-
megaly) and tissue infiltrates (e.g. skin, mucosal sites
and bone) [6,9,10].

Table 3.2 lists the most common indications for
flow cytometry. Peripheral blood and bone marrow
abnormalities (numerical or morphological) are com-
mon indications for FCI, as follows.

Cytopenias: Flow cytometry is indicated in the evalu-
ation of patients with cytopenias [6,11–14] once
non-neoplastic causes (e.g. nutritional deficiencies,
systemic illness, infection and drug suppression)
have been excluded. Leukemia, lymphoma and mye-
lodysplastic syndromes can all present with pancyto-
penia and therefore FCI may be indicated after blood
film review [6,11–14]. Because cytopenias can be a
presenting abnormality in many hematological malig-
nancies, both lymphoid and myeloid cells should be
evaluated.

Leukocytosis: Peripheral blood leukocytosis, espe-
cially lymphocytosis, monocytosis and eosinophilia,
may indicate the presence of an underlying hemato-
lymphoid neoplasm. Flow cytometry is indicated in
the evaluation of lymphocytosis and is helpful in the
diagnosis and classification of neoplastic disorders of
lymphocytes [6,15]. In the setting of a monocytosis,

Table 3.2. Indications for flow cytometry.

Indication Applications

Lymphocytosis B-, T- or NK-cell lineage
Stage of differentiation
Normal or aberrant lymphoid
phenotype
Restricted populations of
lymphoid cells
Clonality
Disease-associated
phenotype and disease
classification
Detection of potential
therapeutic targets
Detection of prognostic
markers

Cytopenias To detect abnormal
hematopoietic cell type
To establish a diagnosis

Leukocytosis for investigation Distinguish between normal/
reactive and neoplastic cells

Plasmacytosis Normal or aberrant plasma
cell phenotype and
enumeration
Clonality assessment
Detection of prognostic
markers
Detection of circulating
plasma cells
Enumerating neoplastic
plasma cells
Residual disease assessment
in plasma cell myeloma

Blast cells Determining lymphoid or
myeloid lineage
B- or T-cell origin of
lymphoblasts
Subtyping myeloblasts
Enumerating neoplastic blast
cells
Evaluation of disease
progression of MDS, MDS/
MPN and MPN
Detection of potential
therapeutic targets
Detecting phenotype/
genotype associations
Detection of prognostic
markers
Assessing therapeutic
response
Residual disease monitoring
and detect disease relapse

Other atypical cells in blood,
marrow, fluids or tissue where
there is a clinical suspicion of a
hematological malignancy

Determining cell lineage
Differentiate between
reactive and neoplastic cells

Determining stage of
differentiation

Table 3.2. (cont.)

Indication Applications

Determining clonality, if
lymphoid
Disease classification

Lymphoma staging To document extent of
disease
Detecting and enumerating
lymphoid cells with the
disease-associated
phenotype

Diagnosis of MDS Identification of abnormal
antigen expression during
myeloid maturation
Enumerating blast cells
Identification of cells with the
phenotype of paroxysmal
nocturnal hemoglobinuria
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FCI is helpful in distinguishing malignant monocytes
(in chronic myelomonocytic leukemia and other
myeloproliferative neoplasms) from reactive mono-
cytes [6,11,15]. Eosinophilia can be a presenting
blood film feature of acute myeloid leukemia, masto-
cytosis, lymphoblastic leukemia/lymphoma or T-cell
lymphoproliferative disorders and FCI testing may
be diagnostically useful. Neutrophilia, polycythemia,
thrombocytosis and basophilia are generally not indi-
cations for FCI testing in the absence of other sus-
picious signs or symptoms as they are often.

Abnormal hematopoietic cells: Flow cytometry is par-
ticularly helpful in establishing the lineage and stage of
differentiation of morphologically abnormal cells in
blood and bone marrow. This includes blast cells,
abnormal lymphoid cells and other abnormal cells of
unknown type. For lymphoid cells, FCI can establish
clonality of B-cells, using kappa and lambda light chain
restriction.

Plasma cells: Flow cytometry is useful in the evalua-
tion of plasma cells in bone marrow or other speci-
mens (e.g. unexplained plasmacytosis) [6,16,17]. This
is due to the ability to detect aberrant plasma cell
phenotypes and clonality (cytoplasmic light chain
restriction). Flow cytometry assists in the differential
diagnosis between myeloma and monoclonal gammo-
pathies of undetermined significance by determining
the percentage of aberrant or clonal plasma cells of all
bone marrow plasma cells [17].

Disease staging: Flow cytometry may be useful in
staging a patient with a diagnosis of a hematolym-
phoid neoplasm. Tissue biopsies, fine needle aspirates,
serous effusions or other body fluids from a patient
with leukemia or lymphoma can all be evaluated.
Specifically, FCI is indicated in the evaluation of CSF
in patients with hematolymphoid malignancies that
are known to have a high frequency of central nervous
system involvement as it increases the diagnostic accu-
racy and has greater prognostic significance over mor-
phology alone [1,4]. Due to its sensitivity, FCI is
extremely useful for detection of low levels of disease.
It is therefore highly efficacious in bone marrow sta-
ging of non-Hodgkin lymphoma to document the
presence and extent of involvement. For example FCI
of bone marrow increases the sensitivity of detection
of stage IV lymphoma over morphology alone
[8,16,18]. Flow cytometry analysis of peripheral

blood can also be used, for example, to detect leukemic
spread of a lymphoma, potentially eliminating the
need for a bone marrow aspirate.

Disease prognosis: Testing directed specifically at iden-
tifying prognostic indicators may be integrated into ini-
tial diagnostic immunophenotyping; alternatively it can
be performed once the diagnosis has been established.
Flow cytometry analysis of ZAP-70 and CD38 antigen
expression is useful for prognostication in chronic lym-
phocytic leukemia (CLL) [6,19,20]. Antigen expression
profiles, as determined by FCI, are predictive in acute
leukemia [6,21]. Flow cytometry is also of prognostic
utility in plasma cell dyscrasias: detection of circulating
plasma cells, enumeration of plasma cells and assessment
of plasma cell proliferative rate within the total bone
marrow plasma cell compartment can all be used to
predict survival in myeloma [6,16].

Therapeutic targets: Due to the increased usage of
antibody-based therapies such as Rituximab and
Alemtuzumab, FCI has become vital in the detection
of potential therapeutic targets [6,22,23]. Pre-
treatment evaluation of the malignant cells may aid
in guiding patient management and limit unnecessary
exposure. Therapeutic antibodies directed against
antigens expressed by normal leukocytes can result in
substantial toxicity and increased risk of viral and
other opportunistic infections due to attendant immu-
nosuppression associated with its use.

Residual disease detection: The ability to detect low-
level involvement by hematological malignancies
makes FCI useful in assessment of response to therapy,
including “minimal residual disease” (MRD) testing.
Persistence of FCI-detectable MRD following therapy
is an adverse prognostic factor in a number of diseases
[6,24,25]. Due to the high sensitivity, quantitative and
qualitative nature of the data, FCI is efficient for doc-
umentation of disease progression, relapse, accelera-
tion (e.g. CML blast phase) or transformation (e.g.
diffuse large B-cell lymphoma in CLL) [6].

Specimens and processing

Specimen types
Flow cytometry can be performed on blood, bone
marrow, body fluids (e.g. cerebrospinal fluid, pleural
fluid), fine needle aspirates and single cell suspensions
prepared from tissue biopsies. Cells must be viable
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and in solution. Specimen integrity is dependent on
appropriate anticoagulation, storage conditions (time
and temperature) and the procedure used for sample
preparation.

Anticoagulation
Specimens containing blood must be anticoagulated
and this may be with:

1. Ethylene-diaminetetraacetic acid (EDTA): stable
for 12 to 24 hours.

2. Acid citrate dextrose (ACD): stable for 72 hours.
3. Sodium heparin: the preferred anticoagulant for

bone marrow samples stable for 48 to 72 hours.

Specimen storage
Sample storage time is a critical variable in FCI and
especially for tumors with a high proliferation rate
(e.g. Burkitt lymphoma) and following recent cyto-
toxic therapy. Although a 48–72-hour sample cutoff
is generally applied, irreplaceable specimens should
not be rejected if they exceed this. All specimens can
be maintained at room temperature (18–22 °C) if they
are to be processed immediately. Blood samples can be
maintained at room temperature for up to 72 hours in
sodium heparin and ACD anticoagulants. Bone mar-
row aspirates in sodium heparin anticoagulant may be
maintained at room temperature for up to 24 hours.
Fresh tissue samples should be kept moist throughout
transport to the laboratory and cell suspensions placed
in tissue culture media (if the specimen is kept for any
period of time). Cold (4 °C) storage may be useful for
prolonged storage of some specimens, such as pleural
fluids and cell suspensions prepared from tissue sam-
ples [2]. As cellular viability in cerebrospinal fluid
decreases rapidly, these specimens should be immedi-
ately placed into a stabilization media (e.g. RPMI with
5% fetal bovine serum giving up to 18 hours stability at
4 °C) [26].

Cell viability
Non-viable cells may non-specifically bind antibodies
making FCI difficult to interpret. Cell viability should
therefore be assessed in all tissue samples, and blood
and bone marrow specimens which have been stored
for more than 48 hours, prior to staining. Viability can
be assessed by including fluorescent viability dyes in a
FCI antibody panel. Alternatively manual methods

(e.g. trypan blue exclusion) can be performed prior
to staining [2]. Guidelines are to reject samples with
< 75% viability, unless it is an irreplaceable sample (e.g.
lymph node biopsy); in the latter case any identified
abnormal populations should be reported with a dis-
claimer statement about suboptimal viability [2].

Specimen processing
Specimens should be manipulated as little as possible
during processing. If significant numbers of erythro-
cytes are present in the sample, whole blood lysis
should be performed. Lysing reagents include water,
Tris-buffered ammonium chloride and hypotonic buf-
fer. Red cell lysis can be performed either prior to or
following antibody labeling. Washing with phosphate-
buffered saline (PBS) is required before staining with
antibodies to immunoglobulins to remove residual
plasma or cytophilic immunoglobulin that can inter-
fere with immunophenotypic analysis.

Membrane permeabilization
If intracellular antigens (e.g. cytoplasmic IgM, CD3 or
myeloperoxidase, or nuclear TdT) are being studied
the cell membrane must be permeabilized prior to
antibody labeling. The optimal permeabilization
reagent is dependent on the antigen being studied. If
it is necessary to simultaneously stain surface and
intracellular antigens, the surface markers are usually
stained first followed by cell fixation, membrane per-
meabilization, and then intracellular staining. It is
critical that the surface marker fluorochrome not be
affected by the subsequent fixation and permeabiliza-
tion steps [2].

Antibody incubation
Antibodies to be used should be added to the sample
according to the manufacturers’ recommendations.
The incubation time is affected by temperature, cell
count, amount of cellular antigen present, antibody–
antigen affinity and antibody concentration. In gen-
eral, incubation is in the dark and at room temperature
(18–22 °C) and times vary from 10 to 30 minutes.
When panels contain antibodies with different recom-
mended incubations, the longest time period should
be applied, or, intra-laboratory validation performed
to ensure optimum performance is achieved. Of note,
some antigens, such as CD3 and CD19, begin to mod-
ulate after 10 minutes at room temperature; this may
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give false negative results. Most commercial reagents
recommend the amount of antibody to be added per
fixed unit of blood or cells. These have been deter-
mined to provide maximal separation between posi-
tive and negative populations [2].

Controls
Internal negative (i.e. normal cells in the sample that
lack the antigen) and positive (i.e. normal cells in the
sample that express the antigen) controls for the anti-
bodies and staining procedure are usually sufficient to
control the flow cytometric procedure. For example,
CD3-negative lymphoid cells (i.e. the B-cells) in a
specimen are a negative reagent control for CD3,
whereas the CD3-positive T-cells serve as positive con-
trols for both the reagent and process. If there is no
appropriate internal control cell in the sample (i.e.
positive and negative), control cells of known reactiv-
ity with the antibody should be used. Antibodies with
broad reactivity with hematopoietic target cells (e.g.
CD45) should be included in every panel for use as a
positive process control. Results should be interpreted
with caution if there is no reactivity of any cells in the
sample as this may be due to an error in processing or
a problem due to lack of sample integrity [2].

Antibody panels
Antibody panels for FCI detection of hematologic
malignancies depend upon the clinical history, mor-
phological evaluation of the sample and whether
the neoplastic cell phenotype is already known from
prior testing. This information enables a well-designed

and focused antibody panel to be utilized. When this
information is unavailable the antibody panel must be
sufficient to detect any possible hematolymphoid
malignancy while being as efficient and cost effective
as possible [2,27]. To accomplish this goal the 2006
Bethesda International Consensus Conference on
Flow Cytometric Immunophenotyping of Hemato-
lymphoid Neoplasia guidelines recommend using an
initial short primary panel followed by a more focused
secondary panel to further characterize abnormal pop-
ulations identified (Table 3.3) [27]. These panels
should be based upon the indication for FCI and
allow the final analysis to detect all major cell popula-
tions present in the specimen. Furthermore, the
“flow cytometric testing performed should be compre-
hensive enough to identify all major categories of
hematopoietic neoplasia relevant to the clinical cir-
cumstances, including but not limited to the submitted
medical indication(s)” [27]. For less specific indica-
tions (e.g. anemia for investigation) and when no
specific morphologically abnormal cell can be identi-
fied by microscopy, more extensive panels may be
required to assess B-cell, T/NK-cells, myelomonocytic
and plasma cell lineages. Flow cytometry testing in the
setting of a lymphocytosis, on the other hand, is more
straightforward and assessment of B-cell and T/NK-
cell lineages is sufficient [27].

Antibody panels should be designed to be able to
assess cell lineage and stage of differentiation of the
cell of interest, and enable disease subclassification
(e.g. of leukemia or lymphoma). As discussed in
Chapter 2, the antibody panel design therefore
requires in-depth knowledge of antigen expression

Table 3.3. Primary and secondary antibody panels for the assessment of cell lineage by flow cytometry.

Lineage Primary Panel Secondary Panel

B-cells CD5, CD10, CD19, CD20, CD45, Kappa,
Lambda

CD9, CD11c, CD15, CD22, cCD22, CD23, CD25, CD13, CD33, CD34,
CD38, CD43, CD58, cCD79a, CD79b, CD103, FMC7, Bcl-2, cKappa,
cLambda, cMPO, TdT, ZAP-70, cIgM

T-cells and
NK-cells

CD2, CD3, CD4, CD5, CD7, CD8, CD45, CD56 CD1a, cCD3, CD10, CD16, CD25, CD26, CD30, CD34, CD45RA,
CD45RO, CD57, CD158 isoforms, TCR αβ, TCR γδ, cMPO, cTIA-1, TCR
Vβ-chain isoforms, TdT

Myelomonocytic
cells

Regular: CD7, CD11b, CD13, CD14, CD15,
CD16, CD33, CD34, CD45, CD56, CD117,
HLA-DR
Limited: CD13, CD33, CD34, CD45

CD2, cCD3, CD4, cCD22, CD25, CD36, CD38, CD41, CD61, cCD61,
CD64, CD71, cCD79a, cMPO, CD123, CD163, CD235a

Plasma cells CD19, CD38, CD45, CD56, CD138 CD10, CD27, CD28, CD117, cKappa, cLambda
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patterns in normal and neoplastic cells. Most anti-
bodies are not cell lineage-specific and neoplastic
cells may lack one or more antigens of a particular
lineage. Multiple antibodies are therefore required
for lineage assignment [2,27]. In addition to selecting
the most appropriate antibodies, the fluorochrome
label must be chosen for each to maximize antigen
detection (i.e. bright fluorochrome such as phycoer-
ythrin for weakly expressed antigens). Antibodies
that identify lineage sub-populations should be used
in combination with a broadly expressed lineage-
associated marker (e.g. CD23 with a pan-B-cell line-
age antibody such as CD19). Antigens that are
expressed at a particular maturational stage are use-
ful to identify specific sub-populations (e.g. CD34,
CD10 and CD20 in B-cell maturation, or, CD11b,
CD13 and CD16 in granulocytic differentiation) and
should be used in combinations that optimize assess-
ment of maturation [2,27].

Flow cytometric analysis of
hematological malignancies

Acute leukemia
Comprehensive FCI panels can be used to establish the
lineage of blast cells and to distinguish acute lymphoid
from myeloid leukemias. This can be achieved even
when there is aberrant expression of lymphoid anti-
gens by a true myeloid leukemia, and vice versa [3,28].
Flow cytometry can also be used to identify phenotypic
features associated with specific genetic alterations.
Other important applications of FCI in acute leukemia
are the identification of potential therapeutic targets
and detection of minimal residual disease; the latter
has important prognostic implications and may guide
further therapeutic options.

Precursor lymphoid neoplasms
Correct determination that blast cells are of lymphoid
origin (i.e. lymphoblastic leukemia/lymphoma (ALL))
is essential for correct therapy. B- or T-lineage of the
blast cells can have impact on therapy. ALL cells char-
acteristically have normal, decreased or absent CD45
expression with low side scatter and intracellular TdT
is usually expressed [29]. The co-expression of lym-
phoid and myeloid antigens (such as CD13, CD33) in
ALL, can, at times, cause diagnostic difficulty and
necessitates a thorough FCI evaluation to exclude
acute myeloid leukemia (AML).

B lymphoblastic leukemia/lymphoma (B-ALL):
B-ALL typically expresses CD10, CD19, CD22, TdT,
CD34, HLA-DR and CD45 (dim to negative) antigens,
and is negative for surface immunoglobulin. Some
cases have a more differentiated- appearing immuno-
phenotype with slightly increased CD45 intensity and
diminished CD34, and express cytoplasmic immuno-
globulin heavy chains (cµ). Rare cases show aberrant
surface immunoglobulin; of these, 20–25% are associ-
ated with the t(1;19)(q23;p13.3) translocation fusing
the PBX and E2A genes [30,31]. B-ALL lacking expres-
sion of CD10 and CD24 are associated with 11q23
abnormalities involving the MLL gene, a prognosti-
cally unfavorable subtype. In contrast, intense expres-
sion of CD10 with dim CD9 and CD20 is typical of the
prognostically favorable translocation t(12;21)(p13;
q22); ETV6-RUNX1 [28,29]. Initial FCI identification
of these phenotypic features provides the first clue to
these significant genetic abnormalities.

Flow cytometry can be used to monitor B-ALL
despite normal B-lymphoblasts (hematogones) being
present in the bone marrow and having phenotypic
similarities. Flow cytometry is still highly sensitive in
detecting MRD for the following reasons (see also
Table 7.5) [32,33]:

1. The immunophenotypic patterns of normal B-cell
maturation are synchronized, and regulated, based
on the timing and intensity of expression of CD19,
CD34, CD10, CD45, CD22, CD20 and CD58
antigens.

2. Residual B-ALL cells do not have the defined
normal antigen expression pattern. Differences
include unusually bright, homogeneous expression
of CD10, persistence of CD34 with temporally
aberrant co-expression of CD22 or CD20, or arrest
in the progression of CD45 expression. Also, CD58
is usually more intensely expressed in residual B-
ALL than hematogones.

Interpretation of these data requires extensive knowl-
edge and familiarity with normal FCI patterns of B-cell
maturation (Figures 2.1 and 3.3).

T lymphoblastic leukemia/lymphoma (T-ALL):
Compared with B-ALL, T-ALL usually has brighter
CD45 expression, with the blast population positioned
more closely to the location of normal mature lym-
phocytes on the CD45 versus SSC data plot [29].
Detection of intra-cytoplasmic CD3 (cCD3) is key to
determining T-cell lineage, since T-ALL may lack
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surface CD3 antigen. T-cell lymphoblasts typically
express TdT (intra-nuclear) with variable expression
of surface T-cell associated antigens CD1a, CD2, CD3,
CD4, CD5, CD7 and CD8. CD10 can also be expressed
(40–45% of cases) [34]. Although CD4 and CD8 may
be expressed separately, co-expression is a distinct
diagnostic feature, recapitulating the “common thy-
mocyte” stage of T-cell maturation. Aberrant myeloid
antigen expression (CD13 and CD33) has been
observed [29], and may prompt the consideration of
an AML; utilization of a comprehensive panel should
resolve lineage discrepancies.

A recognized pitfall in the flow cytometric analysis
of mediastinal tumors or pleural effusions is the iden-
tification of a CD4+/CD8+/TdT+ common thymocyte
phenotype. This is not diagnostic of T-ALL as it is
also seen in normal thymus, thymic hyperplasia and
lymphocyte-rich thymoma. Flow cytometry can be
used to distinguish between neoplastic T-ALL and
non-neoplastic T-lymphoblasts with this phenotype
[35,36]. Detection of normal synchronized patterns
of T-cell maturation, based on the timing and inten-
sity of expression of CD2, CD3, CD5, CD7, CD4,
CD8, CD34, CD10 and CD45 antigens indicates
normal progressively developing sub-populations of
T-cells. In contrast, asynchronous maturation of the
T-lymphoblasts or maturation arrest favors T-ALL.

Acute myeloid leukemia
Flow cytometry information is a key component in the
WHO classification for the diagnosis and sub-typing

of acute myeloid leukemia (AML). In the assessment
of AML, FCI can be used to:

1. Establish the myeloid lineage of blast cells and
thereby differentiate AML from ALL.

2. Identify granulocytic, monocytic, erythroid and
megakaryocytic differentiation.

3. Assist in differentiating de novo AML from one
arising from myelodysplasia.

4. Detect potential therapeutic targets, such as CD33
[37].

5. Monitor MRD which has important prognostic
implications and may guide further therapeutic
options.

Generally, AML blasts express dim CD45, CD34,
HLA-DR, CD117 (with some variation, such as lack
of CD34 or HLA-DR), in combination with myeloid
antigens, such as CD13, CD33, CD15, CD11b and
myeloperoxidase. AML blast cells tend to have higher
SSC than lymphoblasts, and, the more granulated the
blast cells (e.g. acute promyelocytic leukemia) the
greater the SSC. Certain AML subtypes have charac-
teristic genetic features and associated immunopheno-
typic characteristics. For example, AML blasts with
t(8;21)(q22;q22); RUNX1-RUNXT1 are usually CD34+,
CD13+, CD33+ with expression of B-lymphoid
marker CD19 and the NK-associated marker CD56
(on a subset of the blast cells) [38–40]. Acute promye-
locytic leukemia (APML) with translocation t(15;17)
(q22;q12);PML-RARA also has a characteristic
immunophenotype:

Figure 3.3. Flow cytometric analysis of
ALL cells (red) in a bone marrow aspirate.
A. The ALL cells have abnormally dim CD45
expression (x-axis) and low side scatter
(y-axis) characteristics.

B. CD19-positive cells are gated and utilized
for further examination. This includes the
ALL cells.

C– F. CD19-positive gate: The All cells (red)
are bright CDI0-PE positive, CD34-PE
postive CD58-PE postive (y axes) and
CD20-FITC negative. Residual normal
CD19-postive B cells (black) have
normal antigen expression.

1 Diagnostic techniques
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1. CD33 expression is usually homogeneously
positive and bright.

2. CD13 is positive but with heterogeneous
expression.

3. HLA-DR and CD34 are usually absent or dimly
expressed in a minor subset of the leukemic
promyelocytes.

4. CD15 is negative.
5. Co-expression of CD2, typically in the

microgranular variant [41,42].

This classic phenotype, if obtained quickly by FCI, can
be used in combination with morphology, to make a
rapid diagnosis of APML and specific treatment com-
menced (see also Chapter 8).

The blast cells in AML with a monocytic compo-
nent (e.g. myelomonocytic, monoblastic or mono-
cytic) exhibit brighter CD45 expression than pure
myeloblastic AML. On the CD45 versus SSC plot, the
blast “pocket” is positioned close to or overlapping
with normal monocytes. In acute myelomonocytic
leukemia, the blast population may have bimodal
CD45 expression, with a subset of blasts exhibiting
slightly more intense CD45. Blast cells with monocytic
differentiation initially express HLA-DR, CD64 and
CD36 antigens and, with further monocytoid differ-
entiation, express CD14. The leukemic cells in acute
monoblastic and monocytic leukemia can also express
CD4, CD11b, CD11c and lysozyme. Monocytic and
myeloid cells express some common antigens (such as
CD13 and CD33), but they differ in the timing and
intensity of expression of these antigens compared
with normal maturation patterns [43,44]. AML with
inv(16)(p13.1q22); CBFB-MYH11 is characterized by
CD2 expression [29,34].

Pure erythroid leukemia is a rare entity. The eryth-
roid blast cells can be identified by expression of
CD71, CD36 and CD235 (glycophorin A) [28,29].
Both CD71 and CD235 antigens are expressed at
lower levels than normal erythroid progenitors.
CD117 may be positive but other myeloid markers,
including myeloperoxidase, HLA-DR and CD34 are
generally negative. Because CD36 and CD71 are not
lineage-specific, and unlysed glycophorin-positive red
blood cells can contribute technical artefacts, care
should be taken in interpretation of the blast cell
phenotype.

Blast cells of acute megakaryoblastic leukemia
(AMKL) characteristically exhibit high FSC, corre-
sponding to the larger size and volume of the leukemic

cell relative to typical myeloblasts. The blast cells may
express one or more platelet glycoproteins, CD41,
CD61 and (to a lesser extent) CD42, as well as CD36.
Platelets adhering to the surface of blast cells may give
a false positive result for CD41 and CD61 and thereby
mimic the phenotype of AMKL [28,29]. Myeloid anti-
gens CD13 and CD33 may be expressed but CD34 and
HLA-DR are commonly negative. This entity repre-
sents less than 5% of all AML; therefore, an AML or
ALL needs to be excluded in the immunophenotypic
work-up [28].

Acute leukemias of ambiguous lineage
This WHO-defined entity includes acute leukemias
that do not show clear evidence of lymphoid or mye-
loid differentiation. These are rare (< 5% of acute
leukemias) and occur in both children and adults.
They may have t(9;22); BCR-ABL1 or t(v;11q23);
MLL rearranged chromosomal translocations. There
are two main types:

1. Acute undifferentiated leukemias, which do not
express lineage-specific antigens.

2. Mixed phenotype acute leukemias (MPAL),
express antigens of more than one lineage such
that lymphoid or myeloid origin cannot
definitively determined. These may express a
combination of B-cell and myeloid-associated
antigens (“B/myeloid”) or T-cell and myeloid
antigens (“T/myeloid”). This category includes
cases historically referred to as “bilinear” or
“bilineage” (two or more blast populations of
differing lineages) and “biphenotypic” (one blast
population expressing antigens of more than one
lineage).

The diagnosis of acute leukemias of ambiguous lin-
eage necessitates immunophenotyping, and flow
cytometry is the preferred method. This is because
of the need to specifically identify co-expression of
mixed lineage antigens on the blast cells. Antigens
that must be expressed by the blast cells to meet the
definition of MPAL are:

1. B lineage: CD19, plus one or more of CD79a,
cytoplasmic CD22 or CD10. One additional B-
cell-associated antigen is required with strong
CD19, and at least two when CD19 expression is
weak.

2. T lineage: CD3 (cytoplasmic or surface
expression).

3 Flow cytometry
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3. Myeloid lineage: myeloperoxidase or, two or more
of CD11c, CD14, CD64 and lysozyme monocyte-
associated antigens. Note that the myeloid-
associated antigens CD13, CD33 and CD117 are
not sufficiently specific to meet the definition of
“ambiguous” lineage.

The phenotype of ambiguous lineage cases can
become more clear-cut following therapy or at relapse.
At follow-up the phenotype may “change” to lympho-
blastic or myeloid and no longer show the ambiguous
phenotype seen at diagnosis.

Mature B-cell neoplasms
Flow cytometry immunophenotyping can identify
mature B-cell neoplasms, by evidence of their B-cell
lineage, light chain restriction, abnormal levels of anti-
gen expression, absence of normal antigens and pres-
ence of antigens not normally present on mature
B-cells [45].

Monoclonality: Monoclonality is the expression of a
single surface immunoglobulin by a population of B-
cells. Typically restricted expression of surface kappa
or lambda light chains is utilized as a surrogate for B-
cell clonality [46]. A monoclonal B-cell population is
(with rare exception) considered a B-cell neoplasm.
Occasionally monoclonal B-cell populations are
detected in patients with no evidence of lymphoma
[47,48]; however, this may represent early, pre-clinical
detection of a B-cell malignancy [49]. In normal/

benign lymphoid tissue and blood the ratio of kappa
to lambda light chain-expressing B-cells ranges from
4:1 to 1:1 [50]. A deviation from this suggests an
underlying monoclonal B-cell population, prompting
further immunophenotypic search for such a popula-
tion. Flow cytometry can successfully identify mono-
clonal B-cells even when there is B-cell lymphopenia,
due to the sensitivity of the method through analysis of
large numbers of cells.

Aberrant B-cell phenotypes: Neoplastic B-cells can be
found in a background of normal polyclonal B-cells
when “aberrant” antigens are expressed by the neo-
plastic cells, such as CD5 in mantle cell lymphoma
or CD10 in follicular lymphoma [46,50]. B-cell anti-
gen intensity can also be used to distinguish normal
from neoplastic B-cells (Figure 3.4). Gating on B-cell
populations with varying intensities of B-cell anti-
gens (e.g. CD19, CD20 or CD22) may highlight a
monoclonal B-cell population [46,51]. If there is only
minimal involvement by a neoplastic monoclonal B-
cell population this may not be evident from the
kappa : lambda ratio of the entire B-cell population
(i.e. a skewed kappa: lambda ratio would not be
detected). Gating should be performed specifically
on B-cells with an aberrant phenotype (e.g. CD20
bright+ B-cells) and assessing the kappa and lambda
expression of this population; this will assess the
light chain profile within that particular B-cell pop-
ulation. The complexity of some of these analyses to
detect relevant neoplastic populations illustrates the

Figure 3.4. Abnormal antigen intensity in
detecting lymphoproliferative disorders.
A. Identification of CLL/SLL cells among

normal polyclonal B-cells. CLL/SLL cells
(red) have lower CD20 and CD22
expression than normal B-cells (blue).
Gating on CD20 and CD22-positive
B-cells shows the CLL/SLL cells (red) to
be negative for kappa and positive for
lambda (i.e. monoclonal). The B-cells with
normal CD20 and CD22 levels (blue)
express both kappa and lambda light
chains.

B. Cutaneous T-cell lymphoma cells with
abnormally dim CD3 (red). These T-cells
are CD7-negative, CD4-positive and CD8-
negative, an aberrant phenotype
consistent with a neoplastic process.

1 Diagnostic techniques
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need for multi-parametric flow cytometry; single
dimension histogram displays are not sufficiently
sensitive for these analyses.

Absence of surface immunoglobulinmay also indi-
cate the presence of a mature B-cell neoplasm [52,53].
However this can also be seen in some normal or
reactive lymphoid tissues. For example, reactive ger-
minal center cells may have B-cells with dim surface
immunoglobulin expression and these are increased in
reactive follicular hyperplasia. They can be identified
and distinguished from follicular lymphoma by virtue
of their expression of high levels of CD20, co-
expression of CD10 and lack of intracellular Bcl-2
[54,55]. Kappa and lambda expression is typically
dim, and is best appreciated when compared to immu-
noglobulin- negative T-cells within the sample [56].

A laboratory’s ability to assess surface light chain
expression can be affected by antibody choice and arte-
fact [46]. False positivity may result from passively
absorbed immunoglobulin bound to Fc receptors on
natural killer cells, activated T-cells, monocytes, granu-
locytes, and even some B-cells. Washing the cells in PBS
prior to staining, sometimes at 37 °C, and using CD20 or
CD19 for B-cell selection prior to FCI analysis can
eliminate this artefact [46]. Occasionally, a neoplastic
B-cell population may express light chain epitopes not
readily detected by a single set of monoclonal antibodies;
using two sets of light chain reagents will increase the
sensitivity of monoclonal B-cell detection [46].

Disease-associated phenotypes: The phenotype of
some B-cell lymphoproliferative disorders is charac-
teristic, making FCI a useful diagnostic tool (see also
Chapter 9). Chronic lymphocytic leukemia (CLL) is
characterized by abnormally decreased or dim CD20
and CD22 expression, and positivity for CD5 and
CD23 antigens (Figure 3.5). Hairy cell leukemia exhib-
its abnormally intense, or bright expression of CD20
and CD22 antigens and the cells are positive for
CD11c, CD25 and CD103 antigens [57]. Follicular
lymphoma is characterized by dim expression of
CD19 and co-expression of CD10 antigen [58].
Aberrant expression of T-cell markers such as CD2,
CD4, CD7 and CD8 can occur, albeit rarely, in CLL,
hairy cell leukemia, and other B-cell non-Hodgkin
lymphomas [59,60]. Light scatter characteristics can
also be helpful, such as abnormally increased FSC in
large cell lymphomas or increased SSC in hairy cell
leukemia. Loss of mature B-cell antigens is also an
important feature. With the exception of plasma

cells, the absence of CD19, CD20, and/or CD22 on
mature B-cells is abnormal. An important caveat is a
history of monoclonal antibody therapy, as the ther-
apeutic antibody may mask detection of the targeted
antigen. After treatment with Rituximab, B-cells (both
normal and malignant) will have weak or absent CD20
expression; this may persist for 6 months or longer
after Rituximab therapy has ceased [61].

Plasma cell disorders
Flow cytometry can be used to distinguish normal from
neoplastic plasma cells based on the type and intensity of
surface antigen expression, presence of aberrant anti-
gens and monoclonal cytoplasmic immunoglobulin
[62]. Flow cytometry however, is not routinely utilized
in plasma cell enumeration within bonemarrow. This is
because plasma cells are usually significantly under-
represented in the marrow sample due to hemodilution,
sampling artefact, or plasma cell fragility. Nevertheless,
detection of MRD where abnormal plasma cells are
expressed as a percentage of total plasma cells is prog-
nostically relevant but this necessitates good quality
bone marrow aspirates being available [62].

Figure 3.5. Flow cytometry of chronic lymphocytic leukemia in
peripheral blood (red).
A. The CLL cells have abnormally dim CD20-PerCP (x-axis) and CD22-
PE (y-axis) positivity.

B. CLL cells are positive for CD19-PerCP (x-axis) and CD5-FITC (y-axis).
C. The CD19-PerCP (x-axis) positive B-cells are CD23-APC-positive.
D. The CLL cells show light chain restriction (“clonal”), positive for

kappa FITC and are negative for lambda PE.

3 Flow cytometry
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Normal plasma cells are characterized by intense
expression of CD38, CD138, polyclonal cytoplasmic
immunoglobulin light chain, CD27 and low levels of
CD45 and CD19. Surface immunoglobulin, CD20,
CD22 and CD56 are absent. In contrast, neoplastic
plasma cells express monoclonal cytoplasmic immuno-
globulin, aberrant antigens such as CD56, CD20, CD28
or CD117, diminished CD38, CD27, and absence of
CD19 and CD45 [62–64]. These phenotypic differences
enable multi-parametric flow cytometric analysis to dis-
tinguish normal from malignant plasma cells in the
majority of cases [17,64–66]. Flow cytometry can
evaluate neoplastic plasma cells below the level of mor-
phological assessment, even when obscured by a back-
ground of polyclonal plasma cells. As such, it is useful in
the investigation of bone marrow plasmacytosis of
unknown etiology [6]. Flow cytometry can also be
used to differentiatemonoclonal gammopathy of uncer-
tain significance from early plasma cell myeloma, as
normal (polyclonal) residual plasma cells are present
in the former, and not the latter [63]. Furthermore,
studies suggest a role for FCI monitoring in myeloma,
both in the detection of minimal residual disease and
prognosis [62,67,68].

Mature T-cell neoplasms
Flow cytometry is useful in the diagnosis and subclassi-
fication of mature T-cell neoplasms [45], and identify-
ing targets of potential antibody therapy, such as CD52
(see also Chapter 10) [22]. Malignant T-cells can be
identified by subset restriction (i.e. restricted CD4 or
CD8 expression), abnormal expression of T-cell anti-
gens (absent, diminished or increased), presence of
aberrant antigens and/or expansion of normally rare
T-cell populations [45,69]. The light scatter properties
and antigen expression profile of the T-cell populations
in question can be compared with normal T-cells within
the same sample to detect any deviation. Additionally,
T-cell clonality can be assessed by FCI analysis of the β-
chain variants of the T-cell receptor (Vβ). All of these
phenotypic features should be integrated in the inter-
pretation; individual “abnormalities” may represent
variations found in benign activated T-cell populations
or reactive expansions of minor T-cell subsets and do
not necessarily imply a neoplasm.

CD4/CD8 expression: Normal T-lymphoid popula-
tions contain a mixture of CD4-and CD8-positive cells
(generally CD4>CD8). Clonal T-cells will express

either CD4 or CD8 antigens, or both, or neither. Co-
expression of CD4 and CD8 is unusual and is most
frequently seen in T-cell prolymphocytic leukemia and
T-lymphoblastic leukemia/lymphoma (TdT+). If the
specimen is from the mediastinum neoplastic T-cells
must be distinguished from normal cortical thymocytes
(i.e. thymoma or thymic hyperplasia) [35,36]. Dual
CD4+/CD8+ T-cells may also be a technical artefact in
the staining of unwashed blood [70]; care should be
exercised in interpretation. Some T-cell neoplasms lack
both CD4 and CD8 antigens; however, some normal
TCRγδ and TCRαβ+ T-cells are also dual CD4/CD8-
negative and their presence should not be interpreted as
a T-cell lymphoproliferative disorder [71]. The differ-
ential diagnosis of a mature T-cell neoplasm may
include viral infections as these can cause a CD8+ T-
cell lymphocytosis; these usually show other indicators
of T-cell activation, such as increased CD2, decreased
CD7 or the presence of activation markers [72].

Minor T-cell subset expansion: Significant expansion
of a normallyminor T-cell subsetmay represent a T-cell
malignancy. For example, increased CD8+ T-cells co-
expressing CD57, CD56 or CD16 raises the possibility
of a T-cell large granular lymphocytic (LGL) leukemia,
and, increased numbers of TCRγδ T-cells raises the
suspicion of a hepatosplenic T-cell lymphoma. T-cell
receptor gene rearrangement studies would be helpful
in demonstrating T-cell clonality in these situations.

Abnormal antigen expression: Mature T-cell neo-
plasms frequently lack expression of at least one T-
cell antigen (i.e. negative for CD3, CD5, CD7, or less
commonly, CD2); a more useful finding this can be
than CD4/CD8 subset restriction [69,73]. This dem-
onstrates the value of the inclusion of antibodies to
multiple T-cell-associated antigens in a diagnostic
panel. It is important to note that not all T-cell anti-
gens are universally expressed by mature T-cells. For
example, a minor proportion of normal blood T-cells
lack CD7 and a subset of normal TCRγδ T-cells lack
CD5. However, if this finding is noted on a significant
proportion of T-cells, a neoplastic T-cell process
should be considered.

Differential intensity of antigen expression:
Neoplastic T-cells may be identified as a homogeneous
population with an abnormal level of antigen expres-
sion (e.g. abnormal levels of CD2, CD3, CD5, CD7 or
CD45 antigens) [69,73]. For example, CD3 may be
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expressed at a higher or lower level on neoplastic T-cells
than on normal T-cells (Figure 3.6) [74,75]. Weak CD5
expression is typically present in T-cell large granular
lymphocytic leukemia and strong CD7 in T-cell pro-
lymphocytic leukemia. Some normal T-cell subpopula-
tions also have differential antigen intensity, such as
upregulated CD2 in reactive T-cells [45], and intense
CD3 in normal TCRγδ T-cells. Keeping these normal
variations in mind will prevent misinterpretation of a
normal or reactive T-cell subset for a T-cell neoplasm.

TCR Vβ repertoire: Since the vast majority of normal
and neoplastic T-cells express the TCR αβ chain, T-cell
subpopulations can be assessed for a restricted TCR Vβ
repertoire [76]. A wide variety of Vβ classes are utilized
by normal T-cells and the distribution (proportion) on
normal CD4+ or CD8+ T-cells is well defined [77]. In
contrast, a clonal T-cell population will have the same
VDJ segment and therefore identical (“monoclonal”)
Vβ protein expression. Expansion of a single Vβ pop-
ulation (i.e. restricted Vβ repertoire) is consistent with a
clonal T-cell population; this is analogous to light chain
restricted B-cells in a monoclonal B-cell population.
TCR Vβ antibodies can be used to determine clonality

of a phenotypically abnormal T-cell population at diag-
nosis and to monitor MRD [78,79].

Mature natural-killer (NK)-cell neoplasms
Flow cytometry can identify neoplasms of NK-cell lin-
eage as these are characterized by expression of CD2,
CD16, CD56, CD57 and CD122 antigens. CD7 and
CD8 antigens may also be expressed but surface CD3,
CD4 and CD5 are usually negative (see also Chapter 10)
[28,80]. Phenotyping can be used to identify NK-cell
leukemias and NK/T-cell lymphomas, even in the typ-
ical background of extensive necrosis and inflamma-
tion. Although there are no specific immunophenotypic
markers that can definitively distinguish between reac-
tive and neoplastic NK-cells there are some helpful
features: the number and proportion of NK-cells, and
increased FSC compared with normal lymphocytes due
to the cytoplasmic granulation.

NK-receptor expression: There is no reliable method to
confirm the clonality of NK-cells. Unlike B- and T-cell
neoplasms, NK-cells have germline configuration of the
Ig and T-cell receptor genes, respectively. Antibodies to
NK-receptors such as the NK-cell killer inhibitory

Figure 3.6. Abnormal T-cell phenotype of adult T-cell leukemia/lymphoma (cells in red).
A. Abnormal T-cells have dim CD3-APC (x-axis) and all are CD4-FITC (y-axis) positive.
B–D. T-cells with dim CD3-PerCP (x-axis) are CD7-FITC (y-axis) negative (B), have homogeneously bright CD25-PE (y-axis) (C) and are CD26-FITC (y-

axis) negative (D).
E. The cells with abnormally dim CD3 and which are CD4-positive (see A), have VBeta1 restriction, indicating it is a clonal T-cell process.
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receptor repertoire (CD158-KIR) and the NK-cell
expression of CD94-NKG2 heterodimers can be used
as surrogates of NK-cell clonality. Normal NK-cell pop-
ulations will express a diverse set of these NK-receptors
[81], whereas a clonal NK-cell population will show a
skewed or restricted NK-receptor expression repertoire.
This approach bears resemblance to that of TCR Vβ re-
pertoire analysis in T-cells. It is important to note that
skewed NK-receptor expression is not specific to malig-
nant NK-cells as this has also been detected in viral pr-
ocesses and EBV-driven lymphoproliferations [82–84].

Myeloproliferative neoplasms and
myelodysplastic syndromes
In recent years, the role of FCI has expanded to assist
in the diagnosis and assessment of myeloproliferative
neoplasms and myelodysplastic syndromes. Flow
cytometry can be used to quantify immature precur-
sors or blast cells and is now being further developed
to detect qualitative maturation abnormalities within a
cell lineage.

Myeloproliferative neoplasms
In chronic phase chronic myelogenous leukemia
(CML) there is little indication for FCI. However,
FCI can provide accurate blast cell enumeration
and characterize the blast cells in the accelerated
and blast phases of the disease. Flow cytometry has
an emerging role in the identification of other mye-
loproliferative neoplasms (i.e. polycythemia vera,
essential thrombocythemia, primary myelofibrosis).
A combination of myeloid, monocytic and hemato-
poietic precursor markers can be used to identify
recurring FCI abnormalities in myeloid antigen
expression and which correlate with cytogenetic
abnormalities [43].

Myelodysplastic syndromes
Although bone marrow aspirate and biopsy morphol-
ogy are the “gold standard” for the diagnosis of mye-
lodysplastic syndromes (MDS), FCI is increasingly
being used (see also Chapter 15). Multiple phenotypic
abnormalities are seen [11,43,85], which can contrib-
ute to the diagnosis of MDS even in the absence of
overt morphological dysplasia or increased blast cells
[13]. However, no single MDS-specific immunophe-
notype exists. The success of FCI requires the use of
large numbers of antibodies in a carefully controlled
multi-parameter panel (four or more colors),

evaluating multiple cellular features and cautious
interpretation. The abnormalities that can be seen in
MDS include:

1. Abnormally decreased SSC properties in
granulocytes (due to hypogranularity).

2. Absence of normal antigens.
3. Asynchronous antigenic expression patterns

during maturation.
4. Abnormal intensity of antigen expression.
5. Non-myeloid (i.e. lymphoid) antigens on myeloid

precursors [11,14,43,85,86].

Asynchronous myeloid cell maturation is often
detected by examining the relationship and patterns
of expression of CD13, CD33, CD16, CD11b, CD34,
CD117 and HLA-DR antigens in maturing cells
[85,86]. This is also relevant in the assessment of
acute leukemia: asynchronous antigen expression in
the maturing myeloid cells suggests the leukemia may
have arisen from preceding myelodysplasia. It is
important to note that there are a number of factors
that can confound the interpretation of FCI for the
assessment of aberrant expression of myeloid antigens.
These include technical factors such as machine and
protocol standardization, careful gating of the cell
population of interest, definitions of “normal” and
strict quality control. Clinical factors include knowing
the effects of drugs and cytokines on antigen expres-
sion, changes in antigen expression during marrow
regeneration following myelosuppressive therapy and
the effects of sample storage and anticoagulation on
antigen expression. If these issues are addressed, FCI
analysis can be used to add diagnostic and prognostic
information to the evaluation of MDS. The follwing
prognostic information can be provided by FCI:

1. Certain immunophenotypic profiles and FCI
abnormalities are associated with a poor IPSS score
and risk category.

2. A high number of FCI abnormalities are associated
with post-transplantation relapses and poor overall
survival, which is independent of the IPSS and
survival prediction [14].

Conclusion
Flow cytometry is one of the most important diagnos-
tic techniques in the diagnosis and ongoing analysis of
hematological malignancies. Its prime roles are to
establish the cell lineage, stage of differentiation and
disease-association (and thereby diagnosis and
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classification) by virtue of the antigens expressed by
the neoplastic cells. However, the applications of FCI
now also extend to detecting potential therapeutic
targets, genetic associations, prognostic predictors
and residual disease post-therapy. Flow cytometry is
also pivotal in diagnostic algorithms; the results of
immunophenotyping can be used to allow rational
choice of the most appropriate genetic tests required
to further delineate the molecular basis of the disease
and for clinical management.
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4 Cytogenetics
Christine J. Harrison and Claire Schwab

Introduction
For many years cytogenetic analysis has provided
the gold standard tool for basic genetic diagnosis in
hematological malignancies. Although resolution is
somewhat limited, it provides a global analysis of the
entire genome. In recent years a range of fluorescence
in situ hybridization (FISH) and high resolution array-
based techniques have become integrated into the
broader field of cytogenetics, which have provided
complementary rather than replacement approaches.
They have identified novel and submicroscopic genetic
changes, which need to be considered alongside the
traditional karyotype.

A number of chromosomal abnormalities provide
the definitive diagnosis of a specific type of leukemia.
The best known examples include the association of
the Philadelphia chromosome (Ph), arising from the
translocation, t(9;22)(q34;q11), with chronic myelo-
genous leukemia (CML) and the translocation,
t(15;17)(q22;q21), with acute promyelocytic leukemia
(APL). Of particular interest is the strong link between
certain abnormalities and outcome, which are used to
determine the risk stratification of patients for treat-
ment. For example, the Ph and near haploidy (< 30
chromosomes) are associated with a poor prognosis in
childhood acute lymphoblastic leukemia (ALL) and
patients with these abnormalities are treated as
high risk. Other genetic abnormalities are associated
with a favorable outcome, e.g. core binding acute
myeloid leukemias (AML) with chromosomal re-
arrangements t(8;21)(q22;q22) and inversion of chro-
mosome 16, inv(16)(p13q22)/t(16;16)(p13;q22), and
childhood ALL with hyperdiploidy (51–65 chromo-
somes) and t(12;21)(p13;q22). An increasing number
of specific gene mutations are being described in the
acute leukemias and myeloproliferative neoplasms. In

AML these have been shown to have an impact on
outcome and treatment protocols are beginning to be
modified to incorporate these findings. Cytogenetic
analysis and related procedures may be useful in
relapse to confirm the presence of the original clone
and identify clonal evolution.

The classification of hematological malignan-
cies follows the definition of the World Health
Organization (WHO) that “a classification should
contain diseases that are clearly defined, clinically
distinctive, non-overlapping (mutually exclusive)
and together comprise all known entities” [1]. The
recently updated WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues builds on the
understanding that there is no one “gold standard”
by which a disease is defined. It relies on the combi-
nation of cellular morphology, immunophenotype
and genetic features, with variable input within each
entity. For example, many malignancies have a specific
immunophenotype, while in others the defining
criterion is provided by the genetic abnormality.
WHO recognizes that genetic changes may be highly
characteristic of a single disease type or determine
prognosis in a range of diseases. The WHO therefore
recommends that chromosomal analysis should be
carried out at the time of diagnosis to establish the
cytogenetic picture. However, how genetics fits into
current diagnosis based on WHO criteria can be diffi-
cult to decipher. This chapter will focus on the descrip-
tion of those genetic abnormalities defined by WHO
which identify significant disease entities within the
hematological neoplasms. The principles of the main
techniques used in their detection are provided. Data
interpretation using clinical examples is given to illus-
trate how they are incorporated into the overall
diagnosis.

Diagnostic Techniques in Hematological Malignancies, ed. Wendy N. Erber. Published by Cambridge University Press.
© Cambridge University Press 2010.
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Principles of methods

Cytogenetics
In acute leukemia and other hematological malignan-
cies, a bone marrow sample taken at diagnosis pro-
vides the material for all genetic diagnostic tests.
Sometimes, if it is known that the cells of interest are
present in the peripheral blood, a blood sample may be
appropriate for cytogenetic analysis, for example in
CML. For cytogenetic analysis, bone marrow is set
up in short-term culture, usually overnight, to stimu-
late cells into division while maintaining them as close
to the in vivo situation as possible. Cells are exposed to
the spindle poison, colcemid, for one to 16 hours to
maximize the arrest of cells in metaphase. A hypotonic
solution is applied, which weakens the plasma mem-
brane, then cells are fixed and washed in Carnoy’s
fixative (3 : 1 methanol : acetic acid). After cooling, a
drop of this suspension, adjusted to the optimum cell
density, is dropped onto a glass slide. As the fixative
evaporates, the surface tension ruptures the plasma
membrane and the cells flatten onto the slide. In a
good preparation the chromosomes from the same
metaphase will be maintained within close proximity
to each other without overlapping. A short and con-
trolled enzymatic treatment with dilute trypsin, fol-
lowed by Giemsa staining, produces banding patterns
along the chromatids. These patterns are specific to
each chromosome pair and, in association with chro-
mosome size and centromere position, are used to
identify the chromosomes. This procedure is termed
karyotyping and the chromosomes are ordered into
pairs within a karyogram (Figure 4.1a). Diagrammatic
representation of the individual chromosomal band-
ing patterns is depicted in idiograms in which each
chromosomal band is assigned a number radiating
outwards from the centromere (Figure 4.1b). This
classification allows chromosomal abnormalities to
be accurately described according to international
guidelines produced by the member committee of
the International System for Human Cytogenetic
Nomenclature (ISCN) [2]. In the ISCN a clone is
defined as two cells with the same chromosomal gain
or structural change or three cells with the same
chromosomal loss. For a karyotype to be defined as
normal requires the full analysis of 20 normal cells.
If fewer than 20 are available, the cytogenetic analysis
is regarded as “failed.” Table 4.1 details the cytogen-
etic nomenclature used in reporting hematological

malignancies. Cytogenetic analysis may be used to
monitor minimal residual disease if an abnormal
karyotype is present at diagnosis. However, its low
specificity and the risk of analyzing metaphases from
normal cells represent major obstacles for its routine
use for disease monitoring.

Fluorescence in situ hybridization (FISH)
Cytogenetic analysis (karyotyping) depends on the
presence of dividing cells within the sample. This
limitation has been overcome to a certain extent by
the development of FISH techniques, for which one
major advantage is the ability to visualize abnormal-
ities in the non-dividing cells. This is particularly
important in those hematological malignancies with
a low proliferative index when chromosome morphol-
ogy is poor and cytogenetic analysis is unsuccessful.
The ability to analyze non-dividing cells also gives the
capability to perform FISH on directly prepared sam-
ples. Another significant advantage of FISH techni-
ques is that, in addition to aspirated bone marrow
and peripheral blood, it may be carried out on sections
of paraffin-embedded tissue, and for hematological
malignancies, specifically on bone marrow trephine
(BMT) biopsies. In tissue biopsies, although care
must be taken to analyze complete cells, excellent
results have been obtained with the locus-specific
probe approaches (described below). In some clinical
scenarios it may be necessary to carry out FISH on
specific cell types (e.g. plasma cells). One approach
used to achieve this is FICTION (Fluorescence
Immunophenotype and Interphase Cytogenetics as a
Tool for Investigation of Neoplasms). This involves
simultaneous application of FISH and immunofluor-
escent staining to intact cells, usually in cytospin
preparations, but it has also been achieved on paraffin-
embedded sectioned material (see also Chapter 2 and
Figure 2.8). FICTION therefore enables specific
genetic abnormalities to be assessed in cells identified
by their phenotype (e.g. CD138-positive plasma cells).

FISH is essentially a molecular technique which
has greatly enhanced the accuracy of chromosomal
analysis by bringing together cytogenetics and molec-
ular biology. FISH is based on single-stranded DNA
probe annealing to its complementary sequence in a
target genome. It is able to detect and localize the
presence or absence of specific DNA sequences on
metaphases which are spread onto a glass slide. FISH
uses fluorescent probes (whole chromosome paints or
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locus-specific probes) that bind only to those parts of
the chromosome with which they show a high degree
of sequence homology. Fluorescence microscopy is
used to examine the location of the fluorescent probe
bound to the chromosomes.

There are two main types of probe for FISH,
chromosome paints and locus-specific probes. Whole
chromosome paints are generated from chromosome-
specific probe libraries. They may be hybridized to
metaphases in various combinations using different
fluorochromes to visualize different chromosomes at
the same time. They are used to determine the origin
of structural abnormalities. Techniques have been
developed using differentially labeled multiple paints
to visualize all chromosome pairs simultaneously.

These multiplex FISH techniques (M-FISH) have
greatly improved the interpretation of complex chro-
mosomal rearrangements and characterization of pre-
viously unidentified chromosomal changes.

Locus-specific probes are most frequently used to
target genes of interest in order to identify rearrange-
ments, deletions, and gains in both interphase and
metaphase cells. Centromere-specific probes may be
directed to the alpha (or beta) satellite repeat sequences
within the centromeric regions specific for each chro-
mosome. FISH using locus-specific probesmay be used
to monitor minimal residual disease if a distinctive
abnormality is present. However, many probes have a
relatively high false positive detection rate due to the
chance localization of probes close together within the

a b
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13

19 20 21 22 X Y

14 15 16 17 18

7 8 9 10 11 12

2 3 4 5
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11p14.3
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11q12.1
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11q13.1
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11q14.1
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Figure 4.1. a. A karyogram from ametaphase from a leukemic cell found in the bonemarrow of a female childhood patient with ALL. Although
the chromosomes appear normal, the cell has a t(12;21)(p13;q22), which is cryptic by cytogenetic analysis.

b. An idiogram of chromosome 11 depicting the numbering system of the chromosome bands.
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Table 4.1. Cytogenetic nomenclature with illustrative examples.

Symbol Definition Example Interpretation

add Additional material of
unknown origin

46,XY,add(9)(q22) Unknown chromosomal material attached to the
long arm of chromosome 9 at
band q22

brackets, angle (< >) Surround the ploidy level 26<1n>,XY,+14,+21 Karyotype with 26 chromosomes and gain of
chromosomes 14 and 21 onto the haploid chromo-
some set

brackets, square ([ ]) Surround the number
of cells

46,XY[20] Normal male karyotype seen in 20 cells analyzed

c Constitutional abnormality 48,XX,+21,+21c Karyotype with a constitutional and an acquired gain
of chromosome 21

comma (,) Separates chromosome
numbers, sex chromo-
somes and chromosomal
abnormalities

45,X,-Y,t(8;21)(q22;q22)

cp Composite karyotype 45~48,XY,del(5)(q15)[3],-7
[4],+8[3][cp7]

Composite karyotypeof sevencells, eachhas at least one
of the abnormalities listed, number of cells with each
abnormality is shown in the squarebrackets. Someof the
cells have more than one of the abnormalities

decimal point (.) Denotes chromosomal
subbands

46,XX,t(9;22)(q34;q11.2)

del Deletion 46,XY,del(9)(p13p22) Deletion of the short arm of chromosome 9 between
the bands p13 and p22

der Derivative chromosome:
structurally rearranged
chromosome arising from
a rearrangement of two or
more chromosomes. The
derivative chromosome
has an intact centromere.

46,XY,der(9)del(9)(p13)t
(9;22)(q34;q11.1)

Derivative chromosome 9with a deletion of the short
arm at 9p13 and a translocation of the same chro-
mosome 9 with chromosome 22

dic Dicentric chromosome:
replaces one or two
chromosomes and has
two centromeres

45,XY,dic(9;20)(p13;q11) Dicentric chromosome of the long arm of chromo-
some 9 and the short arm of chromosome 20, the
breakpoints are in the short and long arms,
respectively

dmin Double minutes: acentric
structures

49,XY, . . . . . . .~15dmin A cell with approximately 15 double minutes, written
at the end of the karyotype

dup Duplication 46,XY,dup(21)(q21q22) The segment of chromosome 21 between bands q21
and q22 is duplicated

hsr Homogeneously staining
region

46,XX,hsr(2)(q31) hsr inserted into the long arm of chromosome 2 at
band q31

i Isochromosome: break-
points are assigned to the
centromeric bands

46,XY,i(17)(q10) Isochromosome comprising the long arms of chro-
mosome 17

idem Denotes the stemline
karyotype in a subclone

46,XX,t(9;22)(q34;q11.2)[6]/
47,idem,+8[12]

Clone with 46 chromosomes and translocation
between chromosomes 9 and 22 in six cells, the
subclone has the same translocation but has gained
a chromosome 8 in 12 cells

inc Incomplete karyotype
with unidentifiable
abnormalities

46,XY,del(9)(p13),inc It has only been possible to identify a deletion of the
short arm of chromosome 9, but there are additional
abnormalities which cannot be identified
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Table 4.1. (cont.)

Symbol Definition Example Interpretation

ins Insertion 46,XY,ins(8;21)(q22;
q21q22)

An insertion of bands q21 to q22 from chromosome
21 into 8 at band q22

inv Inversion: paracentric
inversion, the breakage
and reunion occurs in the
same chromosome arm;
pericentric, occurs in both
arms

46,XX,inv(3)(q21q26) The region between the bands q21 and q26 is
inverted within the long arm of chromosome 3

mar Marker or unidentified
chromosome

47,XX,t(9;22)(q34;q11.2),
+mar

An unidentified chromosome in addition to the
translocation between chromosomes 9 and 22,
written at the end of the karyotype

minus sign (−) Loss 45,XY,−7 Loss/monosomy of chromosome 7

multiplication sign (x) Multiple copies of re-
arranged chromosomes

46,XY,del(6)(q15q21)x2 Karyotype with two copies of the deleted chromo-
some 6

p Chromosome short arm 46,XY,del(9)(p13p22) Denoting the breakpoints on the short
arm of chromosome 9 at which the deletion occurs

parentheses () Surround structurally
altered chromosomes and
breakpoints

46,XY,der(9)del(9)(p13)t
(9;22)(q34;q11.1)

plus sign (+) Gain 47,XY,+8 Gain/trisomy of chromosome 8

q Chromosome long arm 46,XX,t(9;22)(q34;q11.2) Denoting the breakpoints on the long arm
of chromosomes 9 and 22 at which the
translocation occurs

question mark Questionable identifica-
tion of a chromosome or
chromosome structure

45,XX,inv(3)(q21q2?6),-?7 Breakpoint on the long arm of chromosome 3 is in the
region 3q2, probably in band 3q26 but this is uncertain,
there is loss of a chromosome, probably 7, but this is
uncertain

r Ring chromosome 46,XY,r(7)(p22q36) Ring chromosome in which breakage and reunion
has occurred at bands p22 and q36 to form a ring

sdl Sideline: lines deviating
from the stem line (see
below)

46,XX,t(9;22)(q34;q11.2)[6]/
47,sl,+8[12]/48,sdl1,+9

47,sl,+8 is the side line (see below), the
population with 48 chromosomes has the
abnormalities of the stem line plus the side line
replaced by sideline number 1 (sdl1) with the
gain of chromosome 9

semicolon (;) Separates altered chromo-
somes and breakpoints in
structural rearrangements
involving more than one
chromosome

46,XX,t(9;22)(q34;q11.2),t
(4;11)(q21;q23)

sl Stem line: the most basic
population

46,XX,t(9;22)(q34;q11.2)[6]/
47,sl,+8[12]

The stem line is 46,XX,t(9;22)(q34;q11.2), the popula-
tion with 47 chromosomes has the abnormalities of
the stem line replaced by sl with gain of chromo-
some 8

slant line (/) Separates cell populations 46,XX,t(9;22)(q34;q11.2)[6]/
47,idem,+8[12]

t Translocation 46,XX,t(9;22)(q34;q11.2) Indicates a translocation between chromosomes 9
and 22
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nucleus, thus reducing its sensitivity. Therefore FISH is
not recommended for accurate detection of low-level
clones for minimal residual disease monitoring. The
three main types of probe design for the locus-specific
probes are described below.

Dual color breakapart probes
Spectrum red (R) and spectrum green (G) labeled
probes are located 30 and 50 to a gene of interest.
When the probe is hybridized to normal cells, the red
and green signals are juxtaposed and appear as a yel-
low fusion (F) signal. A 0R0G2F signal pattern is

produced in interphase, representing the intact locus
on two normal homologous chromosomes. If as a
result of a chromosomal rearrangement, a break
occurs in the chromosome at this locus, the red and
green signals become separated and appear as indiv-
idual signals. The resulting signal pattern is a “split”
of one fusion signal into the component red and
green parts (1R1G1F). This type of probe is partic-
ularly useful when the partner gene in a rearrange-
ment is unknown, or when the target gene has
multiple partners. The example of the breakapart
probe given in Figure 4.2 is the MLL locus located

Figure 4.2. A composite illustration of the types of different FISH approaches (breakapart, dual fusion, copy number) and applications with
specific abnormalities as examples.
Left shows the normal configurations of the probes on metaphase chromosomes and in interphase cells.
The right depicts the expected corresponding abnormal signal patterns.
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to chromosome band 11q23, which has more than 40
partner genes.

Dual color, dual fusion probes
In dual color, dual fusion, both probes are localized
to and extend beyond the breakpoints of both chromo-
somes. Thus, when a translocation occurs, two fusions
are formed, one on each derived chromosome as shown
in the example given in Figure 4.2 of the translocation,
t(9;22)(q34;q11), which gives rise to theBCR-ABL1 fusion
gene. The standard abnormal signal pattern is 1R1G2F.
Dual fusion probes have a very low false-positive rate as
dual fusion signal patterns rarely arise by chance.

Copy number probes
Centromeric probes are used to detect loss or gain of
whole chromosomes and ploidy changes. They are
used to identify the origin of chromosomes in meta-
phase and enumerate specific chromosomes in inter-
phase cells, providing a rapid and accurate method to
ascertain chromosome copy number. They may be
purchased labeled with different fluorochromes and
should be applied in dual or triple color combinations
as shown for the determination of high hyperdiploidy
in Figure 4.2. Unique sequence probes may also iden-
tify deletion or gain of a particular gene. To detect the
deletion of a gene of interest, a probe is selected to
cover the gene (R). This is tested in a dual color
hybridization with another probe which identifies the
chromosome on which this gene is localized, usually a
centromeric probe (G). Two copies of the red and
green probes (2R2G) indicate normal copy number,
whereas 1R2G indicates a deletion of the gene of inter-
est as shown in Figure 4.2 for the deletion of CDKN2A.
Similarly extra copies of a specific gene may be iden-
tified. In the example given in Figure 4.2, ETV6 acts
as the control probe and multiple copies of RUNX1
indicate copy number gain of this gene.

High resolution array-based analysis
Array-based comparative genomic hybridization
(aCGH) has recently been developed and is a valuable
complementary tool in genetic analysis of hemato-
logical malignancies. It is based on established FISH
technology. DNA from the leukemic sample (test
DNA) is labeled with one fluorescent reporter mole-
cule. This is mixed with a differentially labeled control
DNA (reference DNA) and competitively hybridized to
a microarray containing genome sequences as

oligonucleotides which acts as the target. This proce-
dure allows copy number changes to be mapped to
the genome at high resolution (Figure 4.3). The fluo-
rescence ratio between test and reference DNA ismeas-
ured and plotted using sophisticated software packages.

Alternatively, single nucleotide polymorphism
(SNP) arrays, represented by oligonucleotides, may
be used to characterize SNPs in lymphoblasts from
patients with leukemia. Recent SNP arrays feature
almost two million genetic markers, including equal
numbers of SNPs and probes for the detection of copy
number variation. In conjunction with conventional
cytogenetics, the application of FISH and aCGH/SNP
arrays has facilitated the identification of novel chro-
mosomal abnormalities as well as improved the un-
derstanding of the molecular genotype underlying
established rearrangements. These technologies are
important in research; however, they have not yet
been integrated into clinical practice.

Multiplex ligation-dependent probe
amplification (MLPA)
Multiplex ligation-dependent probe amplification
(MLPA) is a rapid, high-throughput multiplex PCR
method which can detect abnormal copy numbers of
up to 50 different genomic DNA or RNA sequences. It
targets very small sequences and can distinguish those
differing in a single nucleotide. Thus MLPA is able to
identify the frequent, single gene aberrations which
are too small to be detected by FISH. One advantage
over PCR is that although well-characterized deletions
and amplifications can be detected by PCR, the
exact breakpoint site of most deletions is unknown.
Compared to aCGH and SNP arrays, MLPA is a low-
cost simple method. Although it is not suitable for
genome-wide research screening, it is a good alternative
to array-based techniques for many routine applications.

Real-time quantitative polymerase chain
reaction
Depending on the chromosomal abnormality, real-time
quantitative PCR performed at diagnosis, may provide
a baseline against which response to therapy in the form
ofminimal residual disease may bemeasured at specific
time points (see Chapter 5 for the principles and appli-
cations). This is relevant as cytogenetics and FISH are
not sufficiently sensitive to monitor response to ther-
apy, except in CML (see below).
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Examples of the role of cytogenetics
in hematological malignancies

B-cell precursor acute lymphoblastic
leukemia
Acute lymphoblastic leukemia (ALL) is primarily a
disease of childhood, with more than 75% of cases
reported in children between the ages of 2–5 years,

and, of these the majority (85%) are B-cell precursor
ALL (BCP-ALL). Many important chromosomal
abnormalities have been reported in both B- and
T-lineage ALL. It is of interest that a number have
been shown to arise prenatally, long before the onset
of leukemia is diagnosed [3]. BCP-ALL is generally
associated with a good outcome in children, with a
cure rate of approximately 85%, while in adults the
overall survival is less than 50% (see Chapter 7 for
more details). Those features associated with an
adverse outcome in ALL are infancy, age > 10 years,
high white blood cell count, slow response to initial
therapy and the presence of minimal residual disease
after first therapy. In BCP-ALL, many non-random
chromosomal abnormalities have been described [4].
According to the WHO classification, genetic entities
are included in the classification if they:

a. are associated with distinctive clinical or
phenotypic features,

b. are biologically distinct, or,
c. have important prognostic implications.

Although the first two categories are of interest in
terms of accurate diagnosis, the third is of greatest
importance in ALL as this is used in risk stratification
for treatment. Thus the accurate detection of these
abnormalities at the time of diagnosis is essential. In
this section these abnormalities and the best methods
for their detection are discussed.

MLL gene rearrangements
Approximately 3% of children with ALL have re-
arrangements of theMLL (mixed lineage in leukemia)
gene. The majority of these occur in infants and chil-
dren under the age of 2 years; particularly in infants,
the prognosis is poor. The MLL gene has many chro-
mosomal partners in ALL. The most frequent is the
translocation, t(4;11)(q21;q23), which gives rise to
the MLL-MLLT2 (MLL-AF4) fusion. Also important
in ALL are the translocations t(11;19)(q23;p13.3),
t(9;11)(p21;q23), t(6;11)(q27;q23) and t(10;11)(p12;
q23), producing the MLL-MLLT1 (MLL-ENL), MLL-
MLLT3 (MLL-AF9), MLL-MLLT4 (MLL-AF6) and
MLL-MLLT10 (MLL-AF10) fusions, respectively. The
formation of the MLL-MLLT10 fusion arises from
heterogeneous and complex rearrangements of chro-
mosomes 10 and 11 due to the opposite orientation of
the genes. Two breaks, as seen in a simple reciprocal
translocation, are insufficient to produce an in-frame
fusion. The t(4;11) has been reported to have the worst

Figure 4.3. An example of an aCGH profile. The idiogram of
chromosome 21 is shown on the left. On the right is an aCGH profile
of an abnormal chromosome 21 from a patient with
intrachromosomal amplification of chromosome 21 (iAMP21). The
profile is based on the ratio of test DNA (from the leukemic cells of the
patient with the abnormality) compared to the reference (control)
DNA. A shift to the left (green dots) indicates chromosomal loss, a
shift to the right (red dots) indicates chromosomal gain, while the
midline (black dots) indicates no genomic imbalance. Thus it is
apparent that this copy of chromosome 21 is highly unbalanced with
multiple genomic gains and losses. Such a profile gives no indication
of where these abnormalities may be located within the karyotype.
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prognosis, although the prognosis of the other part-
ners is uncertain due to their relative rarity.

The t(4;11) is clearly visible by cytogenetics; how-
ever, it is recommended that FISH be performed
to confirmMLL involvement. A dual color breakapart
probe specific for MLL will detect translocations
involving allMLL partner genes (Figure 4.2). In inter-
phase the involvement of MLL is confirmed, while
in metaphase the origin of the partner gene is indi-
cated. For example, the translocations t(6;11)
(q27;q23) and t(11;19)(q23;p13) may be difficult to
detect by cytogenetic analysis, particularly in poor
quality preparations, while in cases with abnormalities
of chromosomes 10 and 11, the presence of the
MLL-MLLT10 fusion may need to be confirmed.
FISH also provides a simple approach to screen cases
in which the cytogenetic analysis has failed. RT-PCR is
a less effective method as it is only informative in a
multiplex approach including all fusion transcripts.

t(9;22)(q34;q11); BCR-ABL1
Ph-positive ALL has the translocation, t(9;22)(q34;q11),
which gives rise to the BCR-ABL1 fusion. This fusion is
diagnostic for CML, while in ALL the incidence varies
considerably according to age, occurring rarely in child-
hood (~3%) and more frequently in adult ALL (~25%).
In all age groups it is associated with an adverse out-
come. Accurate identification of the fusion is vital as
patients with Ph-positive ALL are treated with specific
protocols including imatinib treatment (as described
for CML, see below), which has been shown to improve
early event-free survival.

Cytogenetic detection of t(9;22) is reliable; how-
ever a number of cryptic insertions and three-way
translocations have been described which may be diffi-
cult to interpret. FISH using the dual color, dual fusion
approach as shown in Figure 4.2 provides a rapid and
accurate detection method. RT-PCR for the BCR-ABL1
fusion transcript offers a good alternative method.
With the appropriate primers this PCR approach will
distinguish between the major (M-BCR) and minor
(m-BCR) breakpoint cluster regions within the BCR
gene (see Chapter 5 for technical details and Chapter 13
for clinical details). The most sensitive method to mon-
itor response to treatment is real-time quantitative PCR.

t(12;21)(p13;q22); ETV6-RUNX1
This translocation is common in childhood BCP-ALL,
occurring at an incidence of ~25%, with a peak at 2–5
years of age. It is not found in infants and is rarely seen

in adults. There is strong evidence that the transloca-
tion arises in utero [5]. It is associated with a good
prognosis in children, with a cure rate of > 95% if they
possess other favorable clinical features. In spite of its
relatively high incidence, this translocation was not
discovered until the mid 1990s because it is cryptic by
cytogenetic analysis. FISH using chromosome paints
specific for chromosomes 12 and 21 initially identified
the abnormality (Figure 4.4a). The translocation gives
rise to a fusion between ETV6 and transcription factor,
RUNX1, and is readily detected by FISH using the
dual color approach with probes targeting these two
genes, as described for BCR-ABL1 (Figure 4.4b). The
fusion transcript can also be identified by RT-PCR.
One advantage of FISH is that it will simultaneously
identify those secondary chromosomal changes associ-
ated with the translocation, for example, deletion of
the normal homolog of ETV6, gain of chromosome 21
and an additional copy of the derived chromo some 21.

Screening with the ETV6-RUNX1 probe led to
the identification of the abnormality described as
intrachromosomal amplification of chromosome 21
(iAMP21) [6]. Although this abnormality is noted by
theWHO classification, it is not identified as a separate
entity. This is likely to change as patients have dis-
tinctive clinical features and the presence of the abnor-
mality has prognostic significance. Patients are older
children (median age 9 years) with a low white cell
count. It is associated with a poor prognosis when
children are treated on standard therapy [7]. These
patients have one grossly abnormal copy of chromo-
some 21, which has a highly complex aGCH profile
(Figure 4.3). Although negative for the ETV6-RUNX1
fusion, all patients have at least three additional copies
of the RUNX1 gene located to the abnormal chromo-
some 21; this feature defines the abnormality.
To confirm the presence of iAMP21 in interphase, a
RUNX1 probe is applied in a dual color hybridization
with a probe specific for the sub-telomeric region of
chromosome 21. Patients with iAMP21 show normal
or loss of copy number for this sub-telomeric region.
Therefore a higher RUNX1 : sub-telomere ratio will dis-
tinguish iAMP21 from patients with multiple copies of
intact chromosome 21 as found in high hyperdiploidy.
Currently this FISH approach provides the only reliable
detection method for iAMP21.

t(1;19)(q23;p13.3); TCF3-PBX1
This translocation occurs in approximately 6% of
ALL across all age groups. It is usually associated
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with a pre-B immunophenotype with blasts expressing
CD10 and cytoplasmic immunoglobulin. The t(1;19)
leads to the fusion of the TCF3 gene (transcription
factor 3, previously known as E2A immunoglobulin
enhancer binding factor) at 19p13 with the PBX1
(pre-B-cell leukemia homeobox 1) gene at 1q23 to
form the TCF3-PBX1 fusion. The fusion protein has
an oncogenic role as a transcriptional activator. An
unbalanced form of the translocation exists in which
the derivative chromosome 1 is lost; interestingly
this is the most frequent form of the translocation,
accounting for 75% of cases. In early studies,
the prognosis for patients with this translocation
was poor, but this has now been overcome by treat-
ment with modern therapies. In 5–10% of cases with
visible translocations, no apparent molecular invol-
vement of TCF3 and PBX1 is found [8]. These are
usually translocations found in high hyperdiploid
karyotypes. A rare variant, t(17;19)(q22;p13), involv-
ing TCF3 and HCF has also been described. The prog-
nosis associated with this translocation is extremely
poor, with all reported patients having died [9].
Screening by FISH with a breakapart probe specific
for TCF3, as described for MLL above (Figure 4.2)

has provided the opportunity to accurately detect
cases with the TCF3-PBX1 fusion as well as the rare
variants [10].

(5;14)(q31;q32); IGH@-IL3
This rare translocation has been classified by the
WHO as it represents a clinical entity with increased
levels of circulating eosinophils. Interestingly, it
involves the immunoglobulin heavy chain locus
(IGH@) and the IL3 receptor. The translocation jux-
taposes the IGH@ promoter with IL3, leading to its
over-expression [11]. This type of translocation is
commonly described in mature B-cell malignancies,
the best known example being the t(8;14)(q24;q32) in
which MYC is deregulated by IGH@ in Burkitt lym-
phoma. The description here of the t(5;14) is one of
the early examples of IGH@ translocations in BCP-
ALL, which can now be substantially added to by
recent discoveries. These include: translocations of
IGH@ with five members of the CEBP (CCAAT
enhancer binding-proteins) gene family [12], ID4
(one of the bHLH family of transcription factors)
[13], EPOR (the cytokine receptor for erythropoietin)
[14] and the cytokine receptor type II, CRLF2

a b

Figure 4.4. a. Chromosome painting of a metaphase from a child with ALL showing the translocation, t(12;21)(p13;q22). Although cryptic by
cytogenetic abnormality, painting shows the translocation from one copy of chromosome 12 (red) with one copy of chromosome 21 (green).
The normal chromosomes can also be identified.

b. FISH with specific probes for ETV6 (green) and RUNX1 (red). There is one normal copy of ETV6 (green signals on the two chromatids of
chromosome 12), one normal copy of RUNX1 on the normal chromosome 21 (red signal in center). There is a second red signal on the
derivative chromosome 12 (top) and a yellow (red-green) fusion signal on the derivative chromosome 21 (on the right-hand side of the
picture), indicating the presence of the ETV6-RUNX1 fusion.
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(otherwise known as TSLPR, thymic stromal derived
lymphopoietin) [15]. Although these over-expressed
genes show no similarities in function they clearly
share the same mechanism of deregulation by IGH@.
The other common feature is that they are most
frequent in teenagers and adults. These IGH@ trans-
locations are initially detected using a breakapart
FISH approach as described for MLL translocations
(Figure 4.2), followed by FISH mapping with specific
probes to identify the partner gene.

In addition to the translocation IGH@-CRLF2, a
fusion between CRLF2 and the P2RY8 (purinergic
receptor P2Y) gene, occurring as a result of a deletion
from the pseudo-autosomal region (PAR1) of both
sex chromosomes, also leads to over-expression of
CRLF2 [15]. This deletion is readily detected at the
genomic level by a specifically designed FISH
probe, or by increased cell surface protein expression
using an antibody to CRLF2. It is of interest to
note that this deletion is common in Down syndrome
patients with ALL where it is strongly associated
with mutations of the JAK2 pseudokinase domain
[16]. The cooperation between JAK2 mutations
and CRLF2 expression interrupts the JAK-STAT
pathway and provides potential targets for therapy in
high-risk ALL.

High hyperdiploidy (51–65 chromosomes)
Patients with high hyperdiploidy are characterized
by non-random chromosomal gains. Those most

frequently gained include trisomies of chromosomes
4, 6, 10, 14, 17, 18, 21 and gain of an X chromosome in
both males and females. Multiple copies of chromo-
some 21 are often present [17]. Patients with high
hyperdiploidy have a good prognosis. However, there
is controversy as to whether this is determined by the
number or the specificity of chromosomes gained. In
UK trials the good prognosis has been associated
with the gain of chromosome 18 [17], whereas in US
childhood ALL trials the simultaneous gains of chro-
mosomes 4, 10 and 17 have been linked to the most
favorable outcome [18].

Cytogenetic analysis can readily detect the pres-
ence of high hyperdiploidy in relation to chromosome
number, although poor chromosome morphology
often prevents the accurate identification of the
gained chromosomes (Figure 4.5a). This can be over-
come by FISH using selected centromeric probes
and triple (Figure 4.2) or dual (Figure 4.5b) color
hybridization. There are no molecular techniques
appropriate for the reliable detection of high hyper-
diploidy. Flow cytometry can be used to detect hyper-
diploidy; a DNA index of > 1.16 using flow cytometry
indicates the presence of a high hyperdiploid clone,
but gives no indication of the specific chromosomes
gained.

Hypodiploidy
The WHO defines “hypodiploidy” as ALL cases with
less than 44 chromosomes. This is in spite of

ba

1

6

13

19 20 21 22 X Y

14 15 16 17 18

7 8 9 10 11 12

2 3 4 5

Figure 4.5. a. A karyogram from the leukemic cells of a male with high hyperdiploid ALL. Note the extra copies of chromosomes 4, 5, 6, 10,
14, 17 and X, with two extra copies of chromosome 21. The red signals indicate the location of centromeric probes specific for chromosome
4 and the green signals for chromosome 17.

b. FISH red and green signals specific for chromosomes 4 and 17, respectively, can be clearly enumerated in interphase cells.
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karyotypes with 45 or less chromosomes being truly
hypodiploid. This is largely because karyotypes with
44 and 45 chromosomes occur within the entities
of other well-defined chromosomal abnormalities.
Hypodiploidy of 45 chromosomes or less accounts
for approximately 5% of ALL, while 44 chromosomes
or less comprises only about 1%. The main group of
hypodiploid cases in childhood ALL is “near-haploidy”
(< 30 chromosomes). This is a rare and unique entity
associated with an adverse outcome. In these patients
the haploid chromosome set is observed with non-
random gains, typically of chromosomes X, 14, 18
and 21 [19]. It is interesting to note the similarity
between these gains and those gained in high hyper-
diploidy. Structural abnormalities are rare in this group.

Near-haploidy is frequently associated with a
hyperdiploid population of cells with doubling of
the near-haploid chromosome number, producing tet-
rasomies of the gained chromosomes. The presence of
these tetrasomies distinguishes this abnormality
from the classical form of high hyperdiploidy. This is
important because of the different prognosis associ-
ated with the two groups. Cytogenetic analysis is reli-
able for detection of the near-haploid population;
however accurate identification of the gained chromo-
somes is particularly important for the associated
doubled population. FISH with carefully selected cen-
tromeric probes may be helpful for this purpose. DNA
indexing may be necessary for the detection of both
the near-haploid and the doubled population.

Another rare but distinctive hypodiploid entity is low
hypodiploidy (31–39 chromosomes). This abnormality
occurs more frequently in adults than children. They
show chromosomal gains onto the haploid chromosome
set as for near-haploidy, with additional gains of
chromosomes 1, 11 and 19. Chromosomes 3, 4, 7, 13,
15 and 17 are rarely gained [19]. Structural abnormalities
are more frequent in this group than in near-haploidy.
However, in common with near-haploidy, they often
show a population with doubling of the low hypodiploid
chromosomes, known as near-triploidy. The same tech-
nical approaches for the accurate detection of the num-
erical changes as used for near-haploidy may be applied.

Other abnormalities in BCP-ALL
Childhood B-lineage ALL has been the focus of study
by SNP arrays. A revolutionary discovery was the
finding that approximately 40% of childhood BCP-
ALL had mutations (most often deletions) involving
the B-cell differentiation genes [20]. The main targets

are PAX5 and IKZF1 (Ikaros). Further studies dem-
onstrated a strong association of IKZF1 deletions
in BCR-ABL1-positive ALL patients, known to have
a poor prognosis [21]. BCR-ABL1-negative, high-
risk BCP-ALL patients were also shown to have
IKZF1 deletions and a poor outcome using this
approach [22]. A specifically designed MLPA kit can
detect deletions of the B-cell differentiation genes,
PAX5 and IKZF, PAR1 and CDKN2A (inhibitor of
cyclin-dependent kinase gene, involved in cell cycle
control) in the same hybridization (Figure 4.6).
Homozygous and heterozygous deletions of CDKN2A,
although common in BCP-ALL, appear to have no
prognostic association when investigated in isolation,
although they are known to be associated with high-
risk features. FISHhas provided an appropriatemethod
for their detection, as shown in Figure 4.2 [23].
However, some of the focal deletions of CDKN2A, as
well as PAX5 and IKZF1, are too small for accurate
detection by FISH. MLPA provides a reliable approach
for simultaneous detection of these deletions regardless
of size.

T-cell precursor acute lymphoblastic
leukemia
T-cell precursor ALL (T-ALL) accounts for approxi-
mately 15% of childhood (most frequently found in
adolescents) and 25% of adult ALL. In general, the
prognosis of T-ALL is inferior to BCP-ALL, due to
the presence of high-risk features. Gene expression
studies have shown that the genes involved in normal
T-cell development are rearranged or deregulated in T-
ALL. Almost all cases show clonal rearrangements of
the T-cell receptor genes (TCR). An abnormal karyo-
type is seen by cytogenetic analysis in between 50–70%
of patients. The most common abnormalities involve
TCR alpha/delta (TRA@/TRD@) at 14q11.2, TCR beta
(TRB@) at 7q35 and the TCR gamma (TRG@) locus at
7p14, each with a range of partner genes. These trans-
locations lead to deregulated transcription of the part-
ner gene by juxtaposition with the promoter of theTCR
locus. Abnormalities of this type involve transcription
factors, the best known being TLX1 (HOX11) at 10q24,
found in 7% of childhood and 30% adult T-ALL. Other
transcription factors upregulated in T-ALL include
TLX3 (HOX11L2) (5q35), TAL1 (1p32), MYC
(8q24.1), LMO1 (11p15), LMO2 (11p13), LYL1
(19p13), and the cytoplasmic tyrosine kinase, LCK
(1p34.3~35). In a large number of cases the
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abnormalities are cryptic by cytogenetic analysis; these
include upregulation of TLX3 in the translocation, t
(5;14)(q35;q32) (Figure 4.7). Juxtaposition to the
Krüppel-like zinc finger gene, BCL11B, at 14q32 (rarely
TCR) leads to the upregulation of TLX3 in approxi-
mately 20% of childhood and 10–15% of adult ALL.
The TAL1 gene is upregulated by TRA/D in the rare
translocation, t(1;14)(p32;q11). TAL1 is deregulated in
approximately 20% of T-ALL as a result of a submicro-
scopic deletion within 1p32, involving STIL (SCL/
TAL1-interrupting locus) which leads to the formation
of the STIL-TAL1 fusion gene. These cryptic abnormal-
ities can be clearly visualized by FISH using a

breakapart approach [24]. Over-expression of all these
genes has been observed in the absence of detectable
rearrangements at the DNA level, providing evidence
that the expression of such genes provides the signifi-
cant leukemogenic event.

Two important fusion genes in T-ALL have been
described:

a. PICALM-MLLT10 (CALM-AF10) arising from the
translocation, t(10;11)(p13;q14) and which occurs
in ~10% of cases.

b. MLL-ENL resulting from t(11;19)(q23;p13) and
seen in ~8% T-ALL cases.
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Figure 4.6. An example of a MLPA result using the MRC Holland P335-IKZF1 ALL kit. Results are taken as screen shots from GeneMarker
V1.85 analysis software (SoftGenetics).
Panel A shows a normalized electropherogram trace for a test sample (blue) with the control sample trace (red). The exon names are
displayed below their corresponding peaks. The ratio of normalized peaks between the test and control samples is used to calculate copy
number, which is shown in the ratio plot in Panel B. The three lowest red points indicate the presence of a homozygous deletion of CDKN2A and
the higher red points a heterozygous deletion of IKZF1. The blue (references probes) and green (test probes) points, located between the
green lines, are within the normal range. Panel C shows the copy number for the different exons of each gene. The heterozygous deletion of
IKZF1 (blue boxes with copy number 1) covers exons 4–7 inclusive, while the whole of CDKN2A with 0 copy number (yellow boxes), has a
homozygous deletion.
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The genetic abnormalities described above that occur
in T-ALL are usually mutually exclusive. However they
are often accompanied by a number of other abnor-
malities, as shown by genetic and gene expression
studies, which provide strong evidence to support a
multi-step process of pathogenesis of T-ALL [25]. One
frequently occurring additional change is deletion
of CDKN2A, either in heterozygous or homozygous
form as seen in BCP-ALL. Mutations seen in associa-
tion with all other abnormalities are those involving
the extracellular hetero-dimerization domain and/or
c-terminal PEST domain of the NOTCH1 gene. This
gene encodes a protein which is critical for early T-cell
development. MYC is a direct downstream target of
NOTCH1, which contributes to the growth of the
leukemic cells. In addition to NOTCH1 mutations,
about 30% of T-ALL cases have missense mutations
of FBXW7, a negative regulator of NOTCH1.

Acute myeloid leukemia with recurrent
genetic abnormalities
The WHO defines this AML subgroup according to
the genetic changes which have prognostic signifi-
cance. Detailed coverage of the chromosomal abnor-
malities found in AML is described in Chapter 8 and
other references [26]. In describing these abnormal-
ities it must be taken into consideration that multiple
aberrations cooperate in a multistep process to initiate

the leukemic phenotype. These somatically acquired
mutations belong to two defined groups: Class I and
Class II. Class I promote proliferation and/or produce
a survival advantage, but do not have an effect on
differentiation. They include mutations of FLT3,
KIT, RAS, PTPN11 and JAK2. Class II mutations
are linked to impaired hematopoietic differenti-
ation and subsequent apoptosis. In this group are
RUNX1-RUNX1T1, CEBP-MYH11, PML-RARA and
MLL fusions, as well as mutations of CEBPA and
NPM1. FLT3, CEBPA and NPM1 mutations are com-
mon in patients with otherwise normal karyotypes,
although they are also important considerations
within the classification of AML with recurring genetic
abnormalities. These are described in more detail
below. The presence of these mutations is increasing
in importance in the routine diagnosis of hemato-
logical neoplasms as an indicator of outcome.

Mutations of FMS-like tyrosine kinase 3, FLT3,
occur within a number of different entities and the
WHO recommends that this mutation be tested for in
all AML patients because of its prognostic significance.
For example, FLT3 ITD (internal tandem duplication),
but not activating point mutations of the tyrosine kin-
ase domain of the gene, FLT3 TKD, have been associ-
ated with a poor outcome. Copy number neutral loss of
heterozygosity (LOH) is a mechanism responsible for a
“double hit” producing FLT3 ITD of both alleles. These
homozygous deletions appear to correlate with a worse
prognosis. In view of the strong link between a poor
outcome and FLT3 ITD, FLT3 tyrosine kinase inhibi-
tors are being evaluated within AML clinical trials. On
the other hand, the presence ofmutations in the nucleo-
phosmin gene, NPM1, in the absence of FLT3 ITD or
mutations of CCAAT enhancer binding protein, alpha,
CEBPA, has a favorable prognosis, particularly in AML
with a normal karyotype [27].

t(8;21)(q22;q22); RUNX1-RUNX1T1
This translocation occurs in approximately 10%
of AML, predominantly in younger patients (see
Figure 8.4b). It is included within the AML entity
regardless of blast count and is associated with a favor-
able prognosis. It involves the RUNX1 gene, which
encodes the core-binding alpha subunit, giving the
name of “core binding factor leukemia” to this
entity. A number of translocation variants have been
described [28]. Therefore for accurate detection, FISH
using probes directed to RUNX1 and RUNX1T1 (ETO)
in a dual color approach, as described for BCR-ABL1

Figure 4.7. A breakapart FISH approach demonstrating the cryptic
translocation, t(5;14)(q35;q32). The yellow (red-green) signal on
chromosome 5 indicates that the TLX3 gene is intact. The split of the
red (remaining on the derivative chromosome 5) and the green
signals (translocated to the derivative chromosome 14) indicates that
the translocation has moved TLX3 onto chromosome 14 to juxtapose
BCL11B.
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(Figure 4.2), or RT-PCR for the fusion transcript
should be applied (see Chapter 5 for details). This is
particularly relevant in cases in which abnormalities
of chromosomes 8 or 21 are observed, as well as
those with a normal karyotype or failed cytogenetic
result. The majority of cases also show additional
chromosomal changes, typically loss of a sex chromo-
some or deletion of chromosome 9, del(9q), with no
effect on outcome. Mutations of RAS or KIT have been
identified as the cooperating class I mutations in 30%
and 25% respectively of patients with the RUNX1-
RUNX1T1 fusion class II mutation.

inv(16)(p13q22) or t(16;16)(p13;q22); CBFB-MYH11
These rearrangements define the second core binding
factor leukemia and also have a good outcome.
Characteristically, patients with these abnormalities
have an abnormal eosinophil component in the
bone marrow. The gene, CBFB (core binding factor
subunit beta), fuses with MYH11, a gene which en-
codes a smooth muscle myosin heavy chain. This is a
subtle rearrangement which may be difficult to iden-
tify in poor quality preparations, therefore dual color
FISH with probes directed to the genes involved in the
fusion (as shown for the BCR-ABL1 fusion; Figure 4.2)
or RT-PCR are recommended for accurate detection
and appropriate risk stratification (see Chapter 5
for details). Trisomy 22 is a secondary chromosomal
abnormality highly specific for this leukemia subtype,
while trisomy 8 is also common. As for t(8;21), the
class I mutations of RAS and KIT are commonly asso-
ciated with inv(16). These abnormalities define AML
regardless of the blast cell count.

t(15;17)(q22;q21); PML-RARA
The translocation, t(15;17) or more precisely the PML-
RARA gene fusion, is diagnostic for APL, and has not
been reported in any other disease entity. APL com-
prises approximately 5% of AML cases and, on current
therapy, these patients have a good prognosis. The
RARA (retinoic acid receptor alpha locus) at 17q22
regulates myeloid differentiation. As a result of the
translocation it fuses with the PML (promyelocytic
leukemia) gene, which encodes a growth-suppressing
transcription factor. The resultant chimeric protein
causes maturation arrest at the promyelocytic stage,
with increased proliferation of neoplastic promyelo-
cytes. APL is a paradigm for the successful treatment
of leukemia using targeted therapy to the responsible
molecular mechanism. The interruption of the RARA

locus in the formation of this fusion led to the discov-
ery that APL cells underwent differentiation in the
presence of retinoic acid and successful treatment
with all-trans retinoic acid in combination with che-
motherapy (see Chapter 8 for details). The monitoring
of APL for the presence of the molecularly detectable
PML-RARA transcript enables early identification of
patients at risk of relapse; in recent years this has
become established as a routine procedure [29]. A
number of rare variant translocations have been
reported in fusions with RARA. Trisomy 8 is a fre-
quent secondary chromosomal change. The class I
mutations, FLT3 ITD and FLT3 TKD occur in 20–
40% and 10–20% of APL, respectively. The presence
of such mutations in APL has been associated with
high white blood cell counts but has not been shown to
impact on the favorable outcome.

t(9;11)(p21;q23); MLL-MLLT3
This translocation is the most prevalent of the MLL
translocations in AML, constituting approximately 3%
of AML cases. There is a higher frequency in children
(10%) due to the frequency of occurrence in infant
AML. It predominantly occurs in AML with mono-
cytoid differentiation, although it has been reported
within other morphological types. In acute monoblas-
tic/monocytic leukemia in children this translocation
has been associated with a good outcome, in contrast
to other MLL translocations [30]. FISH using the
breakapart approach on metaphases (as shown in
Figure 4.2) or RT-PCR is recommended to distinguish
t(9;11) from other MLL translocations.

More than 80 rearrangements involving the MLL
gene have been reported in AML, of which more than
50 have been molecularly characterized. Although
MLL-MLLT3 predominates in AML and MLL-
MLLT2 predominates in ALL, the same translocations
are reported to occur in both disease entities (see
above). An exception is the MLL-ELL fusion arising
from the translocation, t(11;19)(q23;p13.1), which has
only been reported in AML. Due to the diversity of
MLL partners FISH may be necessary to confirm the
involvement of MLL. Previously all MLL transloca-
tions were categorized together as AML with 11q23
abnormalities. The WHO now recommends that the
AML diagnosis should specify the specific abnormality
and should be limited to cases with balanced trans-
locations involvingMLL. As an example, cases with an
MLL-MLLT2 fusion should be described as AML with
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t(4;11)(q21;q23); MLL-MLLT2. AML cases in which
the MLL gene is deleted are excluded.

t(6;9)(p22;q34); DEK-NUP214
This is a rare AML entity accounting for approxi-
mately 1% of cases and is associated with a poor out-
come in both childhood and adult AML. The gene
DEK at 6p22 fuses to the gene coding for nucleoporin
214 kDa, NUP214. The nucleoporin fusion protein
acts as an aberrant transcription factor which impacts
on nuclear transport. The translocation is usually the
sole karyotypic change, although the class I mutation,
FLT3 ITD is common in this subgroup.

inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
A range of abnormalities involving 3q have been
described in myeloid hematological malignancies. Of
these inv(3)(q21q26.2) and t(3;3)(q21;q26.2); RPN1-
EVI are the most common and these are often associ-
ated with monosomy 7. They mainly occur in adults
and account for about 1% of AML cases. They are
associated with aggressive disease and short survival.
Both abnormalities involve the EVI1 gene at 3q26.2,
which encodes a zinc finger transcription factor. FISH
using a breakapart probe targeting EVI1, confirms the
presence of the abnormality and detects cryptic re-
arrangements not seen by cytogenetic analysis. EVI1
(or MDS1-EVI1) is highly expressed in these cases,
most likely as a result of juxtaposition to the enhancer
elements of the RPN1 gene, located to 3q21. Interest-
ingly, approximately 20% of AML over-express EVI1
without evidence of chromosomal rearrangement. This
may be explained in part by the presence of cryptic
rearrangements of the gene or indicate that EVI1 is
activated by alternative mechanisms.

t(1;22)(p13;q13); RBM15-MKL1
AML with this translocation is extremely rare. The
patients are usually infants, show maturation of the
megakaryocytic lineage and are usually classified as
acute megakaryoblastic leukemia. The RBM15 (RNA
binding motif protein 15 or OTT) gene fuses to MKL1
(megakaryocyte leukemia 1 or MAL). The prognosis
was originally reported to be poor but this has now
been revised due to an improved response to intensive
therapy.

Complex karyotypes
Although not defined as a distinct disease entity by
WHO, AML with complex karyotypes is noteworthy

due to the association with an adverse outcome. The
number of chromosomal abnormalities required to
define a complex karyotype is controversial. It has
been variously defined as having equal to or more
than three or five unrelated aberrations [31,32].
A recent large UK study has conclusively defined com-
plexity as four or more unrelated abnormalities in
patients lacking any of those abnormalities known to
have independent adverse risk, those with PML-RARA
fusion, core binding factor leukemia or t(9;11). The
important chromosomal changes that are most com-
monly identified in complex karyotypes are abnormal-
ities of 5q, monosomy 7, deletions of 17p, as well as
mutations of TP53 [31].

Myeloproliferative neoplasms
The myeloproliferative neoplasms are clonal hemato-
poietic stem cell disorders of one or more myeloid
lineages, primarily found in adults, and are described
in detail in Chapters 13 and 14. Examples of the
genetic associations are described.

Chronic myelogenous leukemia, BCR-ABL1 positive
Chronic myelogenous leukemia (CML) is a distinctive
disease in which the presence of the Ph chromosome
arising from the translocation, t(9;22)(q32;q11.2), or
more precisely the BCR-ABL1 fusion, defines this mye-
loid disease entity (see Figure 13.1). The detection
methods are the same as described for ALL above,
using FISH (see Figures 13.2 and 13.3) or RT-PCR
(see Figure 13.4). CML is highly responsive to the
tyrosine kinase inhibitor, imatinib mesylate. Tyrosine
kinase inhibitors act by competitively binding to the
kinase domain (ATP binding site) of bcr-abl, inhibit-
ing the enzyme activity of the protein by preventing
binding and phosphorylation of the substrate. One
major problem of imatinib therapy has been the devel-
opment of resistance in a small but significant number
of patients. The most common type of resistance is the
acquisition of point mutations in the BCR-ABL1 kin-
ase domain that interfere with optimal drug target
interactions [33]. The mutations show different sus-
ceptibilities to alternative kinase inhibitors, so detec-
tion of the specific mutation is necessary so that the
patient can be transferred to a more appropriate alter-
native therapy. The response to imatinib therapy has
traditionally been monitored by cytogenetics and
interphase FISH focused on the blood granulocytes,
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although real-time quantitative PCR offers a more
sensitive approach (for details see Chapter 13) [34].

Other BCR-ABL1 negative myeloproliferative neoplasms
This includes chronic neutrophilic leukemia (CNL),
polycythemia vera (PV), primary myelofibrosis
(PMF), essential thrombocythemia (ET), chronic eosi-
nophilic leukemia (CEL), mastocytosis, MPN unclas-
sified (see Chapter 14 for details). These diseases are
characterized by a range of clonal chromosomal
abnormalities, including trisomies of chromosomes
8, 9 and 21, del(20q), del(11q) and del(12p), as well
as those involving activating protein tyrosine kinases.
The latter include translocations and point mutations
which activate signal transduction pathways leading to
abnormal proliferation. The presence of a clonal
abnormality in these patient groups provides evidence
that the myeloid proliferation is indeed neoplastic.

The most common mutation found in MPN is
JAK2 V617F, which results in activation of the STAT
(signal transducer and activator of transcription),
MAPK (mitogen activated protein kinase) and PI3K
(phosphotidylinositol 3-kinase) signaling pathways
which promote transformation and proliferation of
hematopoietic progenitors. These JAK2 mutations
are found in almost all cases of PV and approximately
50% of those with PMF and ET.Mutations ofMPL and
TET2 have recently been found to occur in MPN.
TET2 mutations can be in association with or inde-
pendent of JAK2 mutations [35].

Myeloid0 and lymphoid neoplasms with
eosinophilia and abnormalities of PDGFRA,
PDGFRB and FGFR1
Patients with these characteristics are now defined
as a distinct entity in the WHO classification.
Characteristically they have rearrangements of genes
that encode the alpha or beta chains of the receptor
protein tyrosine kinases, PDGFR (platelet derived
growth factor receptors): alpha at 4q21 and beta
at 5q33, or FGFR1 (fibroblast growth factor recep-
tor 1) at 8p11. Abnormalities of PDGFR were first
described in CEL or chronic myelomonocytic leukemia
(CMML), although they are now found to be more
widespread in association with idiopathic eosinophilic
syndrome. Themost commonMPN in this group is that
associated with the FIP1L1-PDGFRA fusion resulting
from a cryptic deletion of chromosome 4, del(4)(q12),
or rarely translocations involving the breakpoint 4q12.

FISH probes directed to the gene CHIC2 are effective as
this gene is uniformly deleted. The fusion gene can
also be detected by RT-PCR. Those with FGFR1 ab-
normalities are a more heterogeneous group with
prominent eosinophilia. They involve a range of trans-
locations of 8p11.Depending on the partner, a variety of
fusion genes involving FGFR1 are produced, all ofwhich
encode an aberrant tyrosine kinase.

Myelodysplastic syndromes
The genetic abnormalities of the myelodysplastic
syndromes (MDS) correlate with the morphology
and clinical features (see Chapter 15 for details) and
determine clonality and prognosis of the disease. How-
ever clonal abnormalities, which include monosomy
5/del(5q), monosomy 7/del(7q), trisomy 8, del(11q),
monosomy 13/del(13q), del(17q) and del(20q), are
seen in only approximately 5% of patients.

5q- syndrome
One subtype of MDS defined by the WHO is charac-
terized by isolated del(5q), in which the deletion
encompasses chromosomal bands 5q31–q33. The
patients are usually women with specific morpho-
logical features and indolent disease. Del(5q) is detect-
able by cytogenetics and FISH (see Figures 15.2b, c).

Juvenile myelomonocytic leukemia
Childhood patients within this MDS/MPN cat-
egory generally have a normal karyotype although
about 25% have monosomy 7. JMML has a high inci-
dence (80%) of the mutually exclusive mutations of
PTNPN11, NRAS, KRAS or NF1, all of which encode
signaling proteins in RAS-dependent pathways.

Conclusion
Although the chromosomal and genetic abnormalities
described in this chapter are by no means exhaustive,
they relate to the entities of hematological malig-
nancies currently defined by WHO. The continuing
discovery of novel abnormalities and mutations by
array-based technologies and now whole genome
sequencing is highlighting novel abnormalities of
prognostic significance which either alone or in com-
bination are likely to define novel disease entities and
molecular targets for therapy in the future. However,
until these become available for routine use, cytoge-
netic analysis and FISH remain the gold standard
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techniques of genetic analysis in hematological malig-
nancies for diagnosis and prognosis.
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5 Molecular genetics
Ken Mills

Introduction
Molecular genetic-based methods are now an integral
component in the diagnostic workup of hematological
malignancies. This will be evident in the clinical
Chapters 7–15, each of which includes discussion of
the use of molecular diagnostic methods in the analysis
of acute and chronic lymphoid andmyeloid neoplasms.
This is a major change which has taken place over the
past 10 years. Molecular genetics has moved from
research-based applications and the simple amplifica-
tion and detection of an abnormal gene to highly sen-
sitive and reproducible monitoring of minimal residual
disease. This chapter describes some of the types of
PCR-based assay methods commonly used in the anal-
ysis of hematological malignancies, demonstrates their
strengths and gives some clinical applications.

Polymerase chain reaction

Principles of PCR amplification
Polymerase chain reaction (PCR) is the method by
which DNA is amplified to generate thousands of
copies of the same sequence [1,2]. The principle is
the utilization of repeated cycles of heating and cooling
(thermal cycling) and a thermostable DNA polymer-
ase to replicate DNA. The heat physically separates the
double strands of DNA and replication occurs at the
cooler temperatures. The cycles of heating and cooling
are repeated over and over, allowing primers to bind to
the original DNA sequences of interest and to newly
synthesized sequences (Figure 5.1). The enzyme, Taq
polymerase, will again extend primer sequences. This
cycling of temperatures results in copying and then
copying of copies, and so on, leading to an exponential
increase in the number of copies of specific DNA
sequences.

PCR has rapidly become one of the most widely
used techniques in molecular biology and for good
reason: it is a rapid, inexpensive and simple means of
producing relatively large numbers of copies of DNA
molecules from minute quantities of source DNA
material. In addition, it does not necessarily require
the use of radioisotopes or toxic chemicals. PCR is also
very versatile, enabling nucleic acids frommany differ-
ent types of samples to be analyzed, including blood,
bone marrow and fixed tissue. PCR can be performed
even when the source DNA is of relatively poor quality
(e.g. extracted from paraffin-embedded material or
air-dried smears scraped from glass slides).

There are several steps in the PCR procedure and
also several important components to ensure a repro-
ducible reaction, as will be described below. Themethod
is largely automated with large-scale PCR machines
available in 48-, 96- and 384-well formats. This com-
bined with the use of multichannel pipettes, means that
large numbers of reactions can be done simultaneously.

The DNA template
Most PCR uses DNA as a target because of the stability
of the DNA molecule and the ease with which DNA
can be isolated from clinical samples. DNA is first
extracted from the test sample and this is the template
for amplification. Any impurities must be sufficiently
diluted so as not to inhibit the polymerization step of
the PCR reaction. PCR can also be performed using
cDNA as the template; cDNA is generated after reverse
transcription from RNA and then amplified (see the
next section of this chapter).

DNA polymerase
PCR requires a DNA polymerase to synthesize the new
DNA strand from the sample DNA template. The DNA
polymerase used in PCR, known as “Taq polymerase,”

Diagnostic Techniques in Hematological Malignancies, ed. Wendy N. Erber. Published by Cambridge University Press.
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is named after the hot-spring bacterium Thermus aqua-
ticus from which it was originally isolated. This enzyme
can withstand the high temperatures needed for DNA-
strand separation, and can be left in the reaction tube.
Higher Taq polymerase concentrations than needed
may cause synthesis of non-specific products. Other

thermostable polymerases have also been isolated
although Taq is by far the commonest used.

Primers
A primer is a short segment of nucleotides (20–30
bases) which is complementary to the target section

PCR target sequence

92° C

55° C

72° C

6 longer
products

8 longer
products

10 longer
products

60 longer
products

Denature

Denature

Anneal primers

Anneal primers

Amplify

Amplify

Cycle 3
8 copies

2 target
products

C
yc

le
 1

2 
co

pi
es

C
yc

le
 2

4 
co

pi
es

Cycle 4
16 copies

Cycle 5
32 copies22 target

products

1073741766 target
products

8 target
products

Cycle 30
1073741826 copies

Figure 5.1. The processes involved in
PCR. The DNA strands, including the
target region, are denatured, primers are
annealed at either end of the target
region which is copied by Taq
polymerase to produce two copies of the
target region flanked by the non-target
DNA. The extension, annealing and
extension phases are repeated. It is not
until cycle 3 that two of the eight PCR
products are of the target sequence size.
The longer products increase by two
copies each cycle, whilst the number of
target products double each cycle. After
30 cycles there are more than
1 000 0000 000 specific target PCR
products.

5 Molecular genetics

91



of the DNA (template) which is to be amplified in the
PCR reaction. Two primers that flank the region of
DNA to be amplified anneal to the denatured DNA
template to provide an initiation site for the elongation
of the new DNA molecule. Primers can either be
specific to a particular DNA nucleotide sequence or
they can be “universal.” The vast majority of PCR
reactions use specific primers to amplify a particular
target region. Universal primers, in contrast, are com-
plementary to nucleotide sequences which are very
common in a particular set of DNA molecules. Thus
they are able to bind to a wide variety of DNA tem-
plates. The selected primers bind to the DNA template
allowing Taq polymerase to initiate incorporation of
the deoxynucleotides (dNTPs).

The primers should be designed to follow a set of
rules to ensure specific amplification. The GC content
should be 40–60%. The primer should not be self-
complementary or complementary to any other pri-
mer in the reaction mixture, to prevent primer-dimer
and hairpin formation. Melting temperatures of pri-
mer pairs should not differ by more than 5 °C, so that
the GC content and length must be chosen accord-
ingly. The annealing temperature should be about 5 °C
lower than the melting temperature.

MgCl2 concentration
Divalent cations such as MgCl2 are required in the
PCR reaction mixture for two reasons:

a. They promote DNA/DNA interactions which are
essential between the target DNA and PCR
primers.

b. They form complexes with dNTPs that are the
substrates for Taq polymerase.

The concentration of MgCl2 must be optimized for
each type of PCR experiment because Mg2+ ions form
complexes with dNTPs, primers and the DNA tem-
plate. Too few Mg2+ ions results in a low yield of PCR
product and too many increases the yield of non-
specific products. The dependence of the PCR yield
on MgCl2 is a bell-shaped curve with a broad maxi-
mum. At a low MgCl2 concentration the primers fail to
anneal to the target DNA. When the MgCl2 concen-
tration is too high, the base pairing becomes too strong
and during the PCR cycles, the amplicon (i.e. the pieces
of DNA formed as a result of PCR amplification) fails to
denature completely when heated to 94 °C. The recom-
mended range of MgCl2 concentration is 1 to 3 mM,
under the standard reaction conditions specified [3].

Deoxynucleoside triphosphates
Deoxynucleoside triphosphates (dNTPs) are the
“building blocks” used by Taq polymerase to synthe-
size new strands of DNA. The concentration of each
dNTP (dATP, dCTP, dGTP, dTTP) in the reaction
mixture is usually 200 μM.

The PCR method
There are three main steps in the PCR reaction and
these are repeated to achieve the amplification of a
specific region of DNA. The steps are denaturation,
annealing and extension.

Denaturation (about 1 minute at 95 °C): During this
phase the DNA is heated at a high temperature to melt
the DNA double helix to single strands. The resulting
single strands of DNA become accessible to primers.
Complete denaturation of the DNA template is essen-
tial; incomplete denaturation will result in the ineffi-
cient use of the template in the first amplification cycle
and, consequently, poor yield of PCR product.

Annealing (about 1 minute at temperatures ranging
between 45 °C and 60 °C): During this phase the pri-
mers anneal to the complementary regions of single
stranded DNA. Double strands of DNA are formed
between primers and complementary sequences. The
annealing temperature may be estimated as 5 °C lower
than the melting temperature of the primer–template
DNA duplex. If non-specific PCR products are
obtained in addition to the expected product, the
annealing temperature can be optimized by increasing
it stepwise by 1–2 °C. When the second cycle of PCR
commences, there are effectively two types of template:

a. The original DNA strands.
b. The newly synthesized DNA strands, consisting of

the target region and variable lengths of the flanking
region at the 30 end.When the latter template is used
in this cycle, only the target region is replicated.

Extension (about 1 minute at 72 °C): In this phase
Taq polymerase synthesizes a complementary strand.
The enzyme reads the opposing strand sequence and
extends the primers by adding nucleotides in the
order in which they can pair. Usually, the extension
step is performed at 72 °C and a 1 minute extension is
sufficient to synthesize PCR fragments as long as 2 kb
(kb = kilobase = 1000 bp). When larger DNA frag-
ments are amplified, the extension time is usually
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increased by 1 minute per 1000 bp. In this extension
phase of the PCR cycle, the newly synthesized target
region DNA (i.e. without flanking regions) acts as the
template. The original DNA molecule is still present,
and will be until the end of the reaction. However, after
a few cycles, the newly synthesized DNA fragment
quickly establishes itself as the predominant template.

These three PCR steps are carried out, one after the
other, in bouts of cycling, typically repeated 25 to 45
times. The number of PCR cycles will depend on the
expected yield of the PCR product. After the last cycle,
samples are usually incubated at 72 °C for 5 minutes to
fill in the protruding ends of newly synthesized PCR
products. There are a number of variants of this basic
PCR technique and some of these are listed in
Table 5.1.

Avoiding contamination
PCR is a very sensitive technique which allows the
amplification of millions of copies of a target DNA
sequence from only a few molecules of starting DNA;
this is an essential feature for disease diagnosis or
monitoring of hematological malignancies. However,
this level of PCR sensitivity means that it is essential
that the sample must not be contaminated with any
other genomic DNA or previously amplified PCR

products that may reside in the laboratory environ-
ment. Steps that should be taken to eliminate any
potential contamination and false positive results are:

a. DNA (or RNA) extraction and PCR reaction
mixing and processing should be performed in
separate areas to avoid sample contamination.
PCR analysis procedures should be done in a third
area, separate and distinct, from the nucleic acid
extraction and the PCR set up areas.

b. Separate pipettes and sole-purpose vessels should
be used in the DNA (or RNA) extraction area to
those used for PCR set up and analysis areas.
Pipette tips with aerosol filters allow the prevention
of micro-droplets being injected into the PCR
mixture, and thus prevent contamination of PCR
reaction mixtures.

c. Ideally, a laminar flow cabinet should be used. This
should be equipped with a UV lamp to prevent
bacterial growth.

d. Sterile microtubes and autoclaved solutions (where
possible) should be used.

e. Fresh gloves should be worn at all times when PCR
is performed.

f. All solutions, except dNTPs, primers and Taq
polymerase, should be autoclaved or UV

Table 5.1. Commonly used variations of the PCR technique.

PCR method Principle Clinical example

Allele-specific PCR
(AS-PCR)

Primers include a known single nucleotide polymorphism or mutations JAK2 V617F
KIT D816V

Methylation-
specific PCR

Assesses the methylation status of CpG sites within a CpG island. Sodium
bisulphite is used to chemically modify DNA so that unmethylated cytosines
are converted to uracil. Subsequent amplification is specific for methylated
DNA and analyzed by sequence detection methods, e.g. AS-PCR,
pyrosequencing

Microsatellite PCR PCR amplification using primers that surround a di-, tri-, tetra- or penta-
nucleotide repeat. The number of each building block of the repeat is
polymorphic hence there are a large number of alleles possible

Chimerism studies: to
discriminate between two
individuals

Multiplex PCR Multiple primer sets are used in a single PCR reaction to target multiple
regions simultaneously

IG or TCR gene rearrangement
assays

Nested PCR Two sets of primers are used in two successive PCR amplifications
First PCR generates DNA products which are used as the template for the
second PCR
Sensitive method for MRD detection but not quantitative

BCR-ABL1
PML-RARA
FIP1L1-PDGFRA

Reverse
transcription PCR
(RT-PCR)

Convert RNA to cDNA which is then a substrate for PCR amplification t(8 ;21); AML1-ETO

Real-time
quantitative PCR
(RQ-PCR)

Used to measure absolute or relative amount of a cDNA or DNA molecule
within a sample

t(15;17); PML-RARA monitoring
BCR-ABL1 in CML
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irradiated. Where possible, solutions should be
aliquoted in small quantities and stored in
designated PCR areas.

g. A good practice, to confirm absence of
contamination, is to add a control reaction without
template DNA. Negative controls should be
performed, in which the reaction mixture does not
have the DNA template. If bands are seen after
PCR, they are either contaminants or primer
dimers.

h. Never open or return vials containing amplified
PCR products to the nucleic acid extraction area or
the PCR set up area.

Data interpretation
The usual method of detection of the end-point of the
PCR reaction is by measurement of the size of the
amplified DNA product generated. There are many
ways in which end-point analysis can be performed
and the most common methods are described.

Gel electrophoresis
a. Agarose gel electrophoresis: The easiest way of

separating and analyzing PCR products is by
identifying their size following migration through
an agarose gel. The sample taken from the PCR
reaction product, along with appropriate
molecular-weight markers, is loaded onto an
agarose gel. Shorter DNA molecules migrate
further through the agarose than those which are
larger. Most agarose gels are between 0.7% and 2%;
the lower concentrations of agarose will show good
resolution of large DNA fragments (5–10 kb)
whilst higher gel concentrations will show good
resolution for small fragments (0.2–1 kb range).
The purpose of the gel might be to look at the
DNA, to quantify it or to isolate a particular band.
The DNA is visualized in the gel by addition of
ethidium bromide. This binds strongly to DNA by
intercalating between the bases and fluoresces
under ultraviolet trans-illumination. By
comparing the product bands with those of the
known molecular weight markers, PCR product
fragments of the appropriate molecular weight can
be identified.

b. Polyacrylamide gel electrophoresis (PAGE):
Polyacrylamide gels separate PCR products by size
but have higher resolution than agarose which is
helpful for the following reasons:

i. Amplified products that differ by only a few
bases can be detected. This is especially useful
for lymphoid cell clonality assessment or
detection of small insertions/deletions (e.g.
NPM1 mutations)

ii. Smaller PCR products can be detected than on
agarose gels (i.e. to < 100 bp).

Polyacrylamide is formed by the polymerization of
the monomer molecule acrylamide crosslinked by
N,N’-methylene-bis-acrylamide (BIS). The
advantage of polyacrylamide gel systems is that the
initial concentrations of acrylamide and BIS
control the hardness and degree of crosslinking of
the gel. The hardness of a gel in turn controls the
friction that PCR products, or other macro-
molecules, experience as theymove through the gel
in an electric field, and therefore affects the
resolution of the components to be separated.
Hard gels (12–20% acrylamide) retard the
migration of large PCR products more than
smaller ones.

c. Capillary gel electrophoresis: Capillary gel
electrophoresis uses narrow bore fused-silica
capillaries to separate a complex array of large and
small molecules. High electric field strengths are
used to separate the molecules by differences in
charge, size and hydrophobicity. The sample is
introduced into the system by immersing the end
of the capillary into a sample vial and applying
pressure, vacuum or voltage. PCR products are
identified by a laser as they pass the detection
point. This method has the highest resolution
potential to single base differences. It is therefore
applicable for the detection of small insertions,
clonality using IGH or TCR rearrangements (see
below) or chimerism studies (microsatellites).

d. Other methods: Alternative methods of
electrophoresis are available which utilize micro-
fluidics matrix-filled channels such as used by the
Bioanalyser 2100 system. The advantages of these
systems are that the results can be stored and
compared electronically, and the size and amount
of PCR product can be determined.

Pyrosequencing
Pyrosequencing is a “sequencing by synthesis”method
in which a single strand of the DNA to be sequenced
and then its complementary strand are synthesized
enzymatically [4]. The pyrosequencing method is
based on detecting the activity of DNA polymerase
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with another chemi-luminescent enzyme (Figure 5.2).
Essentially, the method allows sequencing of a single
strand of DNA by synthesizing the complementary
strand along it, one base pair at a time, and detecting
which base was actually added at each step. The tem-
plate DNA is immobilized, and solutions of A, C, G
and T nucleotides are added and removed after the
reaction, sequentially. Light is produced only when the
nucleotide solution complements the first unpaired
base of the template [5]. The size of the light peak is
proportional to the number of those bases in sequence,
i.e. a GG will give a light peak height twice that of a
single G. The sequence and height of the chemi-
luminescent signals allows the determination of the
sequence of the template [6]. Unincorporated NTP
are degraded from the reaction by apyrase prior to
the next bases in sequence being added to the reaction.

Melting curve analysis
Melting curve analysis is another method for analyzing
PCR products. This assesses the dissociation charac-
teristics of DNA as the strands transition from double
to single stranded with increasing temperature. High
resolution melt analysis is simple, sensitive and rapid
and allows detection to the level of single base pair
differences. It also allows direct assessment without
the need for any additional manipulation of the PCR
product by the user. This can be used for the detection
of a number of acquired mutations in hematological
malignancies, such as JAK2 exon 12, FLT3 ITD and

NPM1 exon 12. See Figure 8.6e for an example of
melting curve analysis for NPM1 mutation detection.

Other gel-based techniques
There are many other gel-based methods that are
based on sequence differences for the interpretation
of the end-point of PCR, some of which are used in
the diagnosis and assessment of hematological malig-
nancies (Table 5.2.) These include, but are not
restricted to:

a. Denaturing gradient gel electrophoresis (DGGE): a
molecular fingerprinting method that separates
polymerase chain reaction (PCR)-generated DNA
products [7]. DGGE separates PCR products based
on sequence differences that result in differential
denaturing characteristics of the DNA. During
DGGE, PCR products encounter increasingly
higher concentrations of chemical denaturant as
they migrate through a polyacrylamide gel [8].

b. Single strand conformational polymorphism
(SSCP): In this approach, rapid chilling of
denatured PCR products generates base pairing
within the single stranded DNA molecule. The
folding and hence shape of this molecule depends
upon the sequence of the PCR product. Sequences
that differ by a single nucleotide (such as point
mutation compared to normal sequence) migrate
at different rates through a polyacrylamide gel.

c. Temperature gradient electrophoresis (TGGE):
This is an electrophoretic method which separates

Figure 5.2. Pyrosequencing technology
is sequencing by synthesis which enables
mutations and SNPs to be easily detected
for accurate and quantitative analysis of
DNA sequences.
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DNA based on melting characteristics. It uses a
temperature gradient across the gel to analyze the
movement of the DNA based on its structure. The
most common application is in mutation analysis.

d. Heteroduplex analysis: Heteroduplex analysis is a
method for identifying sequence differences
between a reference and a test sample. The
reference and test DNA samples are mixed, heated
to denature the double strands and then cooled to
reanneal the duplex. If reannealing occurs between
test and reference DNA, and these have different
sequences as a result of a mutation,
“heteroduplexes” are formed. Heteroduplexes
migrate more slowly through the gel than their
“homoduplex” counterparts. The heteroduplex
can therefore be seen as an additional band and
signifies the presence of a mutation.

Limitations of end-point analysis for interpretation
of PCR
There are some limitations in the analysis of the PCR
end-product (i.e. end-point analysis) which vary by the
analysis method used. However the major limitation
which is applicable to all the above-mentioned meth-
ods is that the results are qualitative and cannot be
quantified. This can be addressed by using real-time
quantitative PCR which quantifies the end product
(detailed later in this chapter).

Clinical examples of the application of PCR
PCR is widely used in the diagnosis and molecular
monitoring of a number of hematological malignan-
cies. Two of the most common applications, the
assessment of lymphoid cell clonality and the analysis

of JAK2 in myeloproliferative neoplasms, will be
described.

Lymphoid cell clonality
PCR is used for the assessment of clonality of lymphoid
cell proliferations (see Chapters 7, 8 and 11 for details of
applications). B-cell clonality can be determined by IG
heavy and light chain gene rearrangement and T-cell
clonality by rearrangements of the T-cell receptor (TCR)
gene. During differentiation of B and T progenitor
cells, DNA rearrangements of immunoglobulin (IG)
and T-cell receptor (TCR) genes result in a massive
diversity of genotypically different cells with the ability
to recognize different antigens. This process of gene
rearrangement of the V, D and J domains can be
utilized for the detection of clonal lymphoid cells
since all the neoplastic cells will have undergone the
same TCR and/or IG gene rearrangement. By contrast,
a polyclonal population of lymphoid cells will have
undergone different rearrangements and each will be
unique. Because of the large number of V, D and J
domains that exist, multiplex PCR assays have been
developed using primers that bind to the most widely
used domains. The BIOMED-2 PCR protocols can be
applied to the assessment of IG and TCR gene rearrange-
ments in the investigation of lymphoid proliferations in
fresh and formalin-fixed paraffin-embedded tissue. All
malignant lymphocytes will have a common clonal ori-
gin whereas reactive lymphocytes are polyclonal [9–12].

B-cells and IG gene rearrangements: More than 90%
of lymphoid malignancies are of B-cell origin. During
B-cell development, the immunoglobulin genes undergo
a complex rearrangement process to produce diverse
antibody coding sequences. Rearrangement of Ig heavy

Table 5.2. Commonly used mutation detection methods.

Method Principle Clinical example

PCR followed by restriction
endonuclease digestion

Restriction enzymes are used to cut the amplified DNA product into
fragments at specific sequences

FLT3 TKD

High resolution melt Melting profile differs between wildtype and mutant sequences JAK2 exon 12 mutations

Capillary gel electrophoresis Separates PCR products based on size NPM1 exon 12 mutation

Direct sequencing Sanger sequencing useful to confirm a mutation that has been
detected by other methods

Any unknown mutation,
e.g. CEBPA, TET2

Pyrosequencing Addition of individual nucleotides. Incorporation detected by
chemi-luminescence

JAK2 V617F
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chain (IGH) and Ig light chain genes (IGK and IGL) can
be detected by PCR. In the case of IGH rearrangement,
primers are designed to conserved regions of the V
domain, so-called Framework (FR) regions, so that one
primer may anneal to several VH domains. DNA is
amplified with a series of consensus primers that are
complementary to sequences of variable regions FR1,
FR2 and FR3, and to joining regions of the IGH gene
(Figure 5.3). Using this assay on DNA from a polyclonal
population of cells, PCR products differ in both sequence
and size. By contrast, within a clonal population of

B-cells, the majority of PCR products will be identical.
The PCR products can be analyzed using a number of
techniques to determine their size and sequence differ-
ences. Capillary gel electrophoresis can be used to sepa-
rate the products at very high resolution. If a significant
population of cells contains the same IGH rearrange-
ment, this appears as a well-defined peak. In contrast,
polyclonal B-cells yield a ladder of peaks. Heteroduplex
analysis can be used in combination with polyacrylamide
gel electrophoresis to detect polyclonal or clonal popula-
tions. Heteroduplex analysis for the assessment of clonal
IG or TCR gene rearrangements relies on the presence
ofmultiple different sequences within a polyclonal popu-
lation (due to junctional diversity and multiplex ampli-
fications). Hence a polyclonal template (many different
sequences) gives many heteroduplexes which form the
polyclonal smear at a different position within the gel
as compared with the homoduplex “clonal” fragment
even though the sizes may be similar. It is not necessary
to add wild-type DNA to force the generation of
heteroduplexes.

This PCR technique for IGH rearrangements is fast
and only requires a small amount of DNA, can be
performed on fresh, frozen or paraffin-embedded speci-
mens, and has a relatively good sensitivity for low-level
clones. However, false positive PCR results (“pseudo-
clonality”) may be a problem if the assay is poorly
designed or if interpretation criteria are inadequate for
discriminating monoclonal from polyclonal products.
False negative IGH PCR results are a problem when
primer design is suboptimal to detect all possible rear-
rangements. False negative can also be seen with somatic
hypermutation of the IGH variable region, which leads
to improper annealing of consensus primers to the rear-
ranged IGH gene segment, with post-germinal center
lymphomas or if the IG rearrangement is uncommon.
For post-germinal center lymphomas it is important to
assess other IG gene loci, e.g. IGH D-J and IGK and IGL
loci. The BIOMED-2 study shows the promise that
standardization of PCR primers and protocols for
detecting IGH gene rearrangements can achieve [10].

T-cells and TCR gene rearrangements: PCR amplifi-
cation of DNA for TCR gene rearrangement analysis
is commonly used for the diagnostic evaluation of
T-cell proliferations to assess clonality [10,12,13].
Primers to a number of TCR genes can be used to
amplify different TCR loci (i.e. TCRB, TCRG and
TCRD). PCR products are analyzed in a similar
way to IGH, i.e. polyacrylamide or capillary gel

Figure 5.3. Example of IGH PCR using the BIOMED2 primers.
a. Polyclonal B-cells showing a polyclonal ladder of peaks for FR1, FR2
and FR3 from a normal individual.

b. Well-defined peaks for FR1, FR2 and FR3 in a clonal B-cell disorder.
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electrophoresis. Agarose gels are not recommended
due to their low resolution.

The specificity of each T lymphocyte TCR comes
from the characteristic rearrangement of antigen-
receptor genes in T-cells. The germline TCR genes
consist of variable (V), diversity, joining (J) and constant
regions. The number of genes for each region varies for
each locus. During T-cell maturation, genes coding for
the TCR undergo rearrangement. T-cell receptor delta
(TCRD) is the first gene rearranged during develop-
ment, followed by rearrangement of TCR genes coding
for gamma (TCRG), beta (TCRB) and alpha (TCRA).
The DNA fragments from each polyclonal lymphocyte
or a monoclonal population of lymphoid cells of T-cell
lineage will show a different mobility compared to the
other fragments (Figure 5.4). This allows easy identifi-
cation of a monoclonal T-cell population and unique
identification of each tumor [12].

JAK2 V617F mutation analysis
Another commonly performed PCR technique is
detection of the JAK2 V617F mutation in the

diagnostic assessment of possible myeloproliferative
neoplasms. JAK2 V617F is a somatic mutation in the
regulatory pseudokinase JH2 domain of JAK2, in
which a missense mutation changes the amino acid
at position 617 of the JAK2 protein from a valine to a
phenylalanine residue. This leads to cytokine-
independent activation of downstream signaling mol-
ecules. The mutation is detectable in over 95% of
patients with polycythemia vera, and 50–60% of
those with essential thrombocythemia and primary
myelofibrosis (see also Chapter 14) [14–16]. It is also
present in refractory anemia with ring sideroblasts
associated with marked thrombocytosis, and a small
percent of patients with acute myeloid leukemia and
other myeloproliferative and myelodysplastic disor-
ders. A number of PCR-based methods can be used
to test for the JAK2 V617F mutation. These include
allele-specific PCR (AS-PCR), real-time quantitative
PCR, melting curve analysis, pyrosequencing and
restriction enzyme digestion (Table 5.1). AS-PCR of
peripheral blood DNA has a sensitivity of 1–3% and a
low false positive rate; the sensitivity is further
increased if performed on purified granulocyte DNA.
Real-time quantitative PCR (see below) has a sensitiv-
ity of 0.5% [17–20].

Reverse transcription PCR (RT-PCR)

Principles of RT-PCR
PCR can also be performed using mRNA as the start-
ing point in a process called reverse transcription PCR
(RT-PCR). RT-PCR can be used to determine the
expression of a gene or to identify the sequence of an
RNA transcript. It is particularly applicable in hema-
tological malignancies for mutation detection and for
the detection of chimeric mRNA resulting from chro-
mosomal translocations. In RT-PCR RNA is first
reverse transcribed to complementary DNA (cDNA);
the cDNA is then amplified by conventional PCR
techniques [21].

cDNA is made from RNA with the use of reverse
transcriptase, an enzyme originally isolated from ret-
roviruses. Using an RNA molecule as a template,
reverse transcriptase synthesizes a single-stranded
DNA molecule that can then be used as a template
for PCR. The primers for initiating cDNA synthesis
can be either a collection of random hexamers that
cover the entire range of different base sequences that
could be present in six bases or it can be a specific 3’

Figure 5.4. Example of TCRG PCR using the BIOMED2 primers.
a. Polyclonal patterns for TCRG associated for a normal individual.
b. Amonoclonal pattern from a patient with a T-cell lymphoproliferative
disease.

1 Diagnostic techniques

98



primer that will allow the cDNA production only from
a specific mRNA subtype. Some genetic assays may be
applicable to analysis of either DNA or RNA (e.g.
FLT3, NPM1 mutations) whereas others require
mRNA (e.g. BCR-ABL1 and AML1-ETO). RT-PCR
can be performed on fresh material (i.e. blood and
bone marrow aspirates). Due to poor preservation of
RNA in fixed tissue it is not applicable to fixed bone
marrow biopsies.

Data interpretation
RT-PCR products can be analyzed using similar meth-
odologies to conventional end-point PCR, such as
agarose gel electrophoresis.

Clinical examples of the application of
RT-PCR
RT-PCR is the preferred molecular genetic method for
the assessment of chromosomal translocations. The
chimeric mRNA which results from translocations is
preferred to genomic DNA as the template for PCR
amplification. Examples include BCR-ABL1 in chronic
myeloid leukemia (CML) and Ph-positive lympho-
blastic leukemia/lymphoma with t(9;22)(q34;q11),
and RUNX1-RUNXT1 (AML1-ETO) in acute myeloid
leukemia with (8;21)(q22;q22). RT-PCR can also be
used as an alternative to PCR, such as in the assess-
ment of mutations, such as in FLT3 and NPM1
mutations.

Detection of BCR-ABL1
The t(9;22)(q34;q11) translocation occurs in CML and
a subset of patients with lymphoblastic leukemia/lym-
phoma [22]. The BCR-ABL1 fusion gene is formed by
rearrangement of the breakpoint cluster region (BCR)
on chromosome 22 with the c-ABL1 proto-oncogene
on chromosome 9. The BCR-ABL1 rearrangement
causes production of an abnormal tyrosine kinase
molecule with increased activity, postulated to be
responsible for the development of leukemia. Three
common fusion transcripts can result from the BCR-
ABL1 rearrangement, depending on the breakpoint on
chromosome 22. These involve the fusion of BCR
exons e12-e16 and exon a2 of the ABL1 gene. Most
patients with CML have breakpoints in the M-BCR
resulting in the generation of e13a2 or e14a2 tran-
scripts. Patients with lymphoblastic leukemia/lym-
phoma generally have e1a2 transcripts [23]. Due to

the variations in the genomic breakpoints and the
large breakpoint regions, RT-PCR is preferred to
PCR for the detection of BCR-ABL1. Transcripts cod-
ing for both the p190 and p210 variants of BCR-ABL1
can easily be detected by RT-PCR using BCR-specific
primers upstream of the breakpoint. BCR-ABL1 tran-
script levels can be monitored as a measure of residual
disease; it is recommended that real time quantitative
PCR be used for this (see Chapter 14 for details).

Detection of t(8;21); RUNX1-RUNX1T1 and inv(16);
CBFB-MYH11 in acute myeloid leukemia
Balanced reciprocal translocations are a feature of
acute myeloid leukemia (AML) and in particular
those involving a translocation of chromosomes 8
and 21 and internal translocation of chromosome 16.
The t(8;21)(q22;q22) involves the RUNX1-RUNX1T1
genes (also known as AML1-ETO) whilst the inv(16)
(p13q22) and t(16;16)(p13;q22), the CBFB-MYH11
genes. Due to the variable nature of genomic break-
points spread over a wide region, both of these trans-
locations are detected by RT-PCR from the fusion or
chimeric RNA resulting from the chromosomal trans-
location [24–27]. The presence of the fusion transcript
is used in conjunction with morphology, cytogenetics
and flow cytometry results for a definitive diagnosis.
Nested RT-PCR increases the sensitivity of the assay
for the detection of minimal residual disease.

NPM1 and FLT3 mutations in acute myeloid leukemia
Mutations of the nucleophosmin (NPM1) gene have
been reported as the most frequent mutation in AML,
especially in the presence of a normal karyotype. In
this subgroup of intermediate-risk AML, the identifi-
cation of other gene mutations (e.g. FLT3 and
CCAAT/enhancer-binding protein-alpha [CEBPA])
has helped to refine the prognosis. In particular,
NPM1 mutant with wild type FLT3 within normal
cytogenetics identifies a group of AML patients with
a relatively favorable prognosis. NPM1 mutations
involve a four or eight base pair insertion at a specific
site of the gene sequence. Although there are several
variations of the insertion, Type A (TCTG) is the most
common insertion seen in around 50% of cases [28–
32]. The NPM1 mutation can be easily detected by a
number of PCR- or RT-PCR-based methods including
capillary gel electrophoresis, sequencing, high resolu-
tion melting curve analysis and pyrosequencing
(Figure 5.5).
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Internal tandem duplications (ITD) of the juxta-
membrane domain-coding sequence and missense
mutation of D835 within the kinase domain of the
FLT3 gene occurs in 15–35% and 5–10% of adults
with AML, respectively. In addition, point mutations,
deletions, and insertions have been found in the jux-
tamembrane domain (exons 14 and 15) and in the
other codons within the kinase domain, though these
are less common. FLT3 ITDs can be detected in DNA
or RNA from diagnostic samples by PCR using pri-
mers within exon 14 and 15. The D835 TKDmutation
can be detected by restriction endonuclease digestion
of the exon 20 PCR product followed by agarose or
polyacrylamide gel electrophoresis. Multiplex PCR
methods can be used to detect both FLT3 ITD and
D835 TKD mutations. Several large-scale studies in
well-documented patients have demonstrated that
FLT3 mutations are strongly associated with a poor
prognosis and a high leukemia cell count in patients
with AML, suggesting that FLT3 mutations are
involved in disease progression. FLT3 ITD mutations
can be detected by a size change using gel or capillary
electrophoresis [33–41] (Figure 5.6).

Real-time quantitative PCR

Principles of the technique
Real-time quantitative PCR (RQ-PCR) allows the
“real-time” monitoring and quantitation of amplified
products during PCR and can be applied to DNA and
RNA. RQ-PCR measures the kinetics of the PCR reac-
tion during the early phases of amplification. This
provides a distinct advantage over conventional end-
point PCR analysis using gel electrophoresis or other
detection methods and is specifically applicable to
monitoring changes in the level of gene expression.
The principles of RQ-PCR are based on the three
phases of PCR:

i. Exponential phase: a doubling of product occurs
with every cycle (assuming 100% reaction
efficiency). The reaction is very specific and
precise.

ii. Linear phase: During this phase the PCR reaction
components are consumed as a result
of amplification and the reaction rate is
slowing.

Wild type

E S C C

5 10 5 10

CT G G GT T TAT E S C C CT G G GT T TAT

Type A insertion (TCTG)

Sequence analyzed: TG[TCTG]GCAGT

Figure 5.5. An example pyrosequencing
for the detection of a Type A insertion in the
NPM1 gene. Left is the wildtype pattern and
on the right the pattern for the Type A
insertion in the NPM1 gene.

Figure 5.6. Detection of an ITD mutation in
the FLT3 gene using the Agilent 2100
Bioanalyser.
Left is the wild type RNA peak detected at 237
base pairs. On the right is the ITD peak at 282
base pairs, resulting in a duplication of 45 base
pairs. The two peaks marked * are the top and
bottommarkers used for size calibration. If any
DNA contamination was present, using these
primers, a peak would have been seen at
325 base pairs (a very small peak around 82 in
the wild type pattern is from DNA).

1 Diagnostic techniques

100



iii. Plateau phase: At this stage the amplification
reaction has stopped, no more products are being
made and if left long enough, the PCR products
will begin to degrade. This is the end-point phase
in conventional PCR when the product is detected
(e.g. by gel electrophoresis).

RQ-PCR is based on the rate of consumption and
depletion of PCR reagents as these will occur at differ-
ent rates for each replicate. During cycling the reac-
tions start to slow down and the PCR product is no
longer being doubled at each cycle. Eventually the
reactions stop all together or plateau. Each tube or
reaction will plateau at a different point due to the
different reaction kinetics for each sample. As there are
different amounts of starting DNA in each sample,
these will reach the plateau at a different cycle, but at
the end of the runwhen themeasurement is taken, there
will be no obvious difference between the samples.
RQ-PCR is a major development of PCR technology
that enables reliable detection and measurement of
products generated during each cycle of the PCR process.

Two main variations are available for real-time
PCR. TaqMan assay (named after Taq DNA polymer-
ase) was one of the earliest methods introduced for
real-time PCR reaction monitoring and has been
widely adopted for the quantification of mRNAs. The
method uses the 50 endonuclease activity of Taq DNA
polymerase to cleave an oligonucleotide probe during
PCR, thereby generating a detectable signal. The
probes are fluorescently labeled at their 50 end and
are non-extendable at their 30 end by chemical mod-
ification. Specificity is conferred at three levels: via two
PCR primers and the probe. This probe is a sequence-
specific oligonucleotide with a reporter dye attached to
the 50 end and a quencher dye attached to the 30 end. If
the quencher and fluorophore remain close to each
other, separated only by the length of the probe, this
will be sufficient to quench the fluorescence of the
reporter dye. However, during PCR, the polymerase
will extend the PCR primer and the 50 exonuclease
activity of the Taq polymerase will cleave the probe,
releasing the fluorescence reporter molecule away from
the effect of the quencher. The fluorescence intensity of
the reporter dye increases, as the PCR cycle and product
numbers increase. This process repeats in every cycle
and does not interfere with the accumulation of PCR
product. Variations on this method are also reported
including those with quencher/probe combinations
that are on different primers or probes.

Other methods use dyes that bind to DNA to
measure the total amount of double stranded DNA
present at the end of each reaction. Ethidium bromide
is a dye that binds to double stranded DNA by inter-
polation (intercalation) between the base pairs. Here it
fluoresces when irradiated in the UV part of the spec-
trum. However, the fluorescence is not very bright.
Other dyes such as SYBR green are much more fluo-
rescent than ethidium bromide. SYBR green binds the
Minor Groove of double stranded DNA, and as more
dye binds the intensity of the fluorescent emissions
increases. Therefore as more double stranded PCR
products are produced the SYBR green signal will
increase stoichiometrically. Use of SYBR green elimi-
nates the need for product expensive specific probes.
However, it is important to prevent primer-dimer
formation since these will also bind SYBR green.

Data interpretation
RQ-PCR gives a precise measurement of the amount
of a specific DNA or RNA present in a sample.
Quantitation is usually performed by comparing the
expression with that of a control (“normalized”) gene.
The normalized gene may be a housekeeping gene
whose level does not change between samples, e.g.
18S ribosomal RNA, beta-2-microglobulin or
GAPDH. Alternatively, the normalization gene may
be associated with the test gene; for example ABL1 as
the normalization gene for the BCR-ABL1 test gene.
The normalized data can then be expressed in terms of:

a. Copy number of transcripts comparing control
and experimental data, or

b. Changes in cycle threshold (Ct) values between the
normalization target and the test target.

Different applications have different methods of deter-
mining levels of test RNA expression depending on the
normalization gene.

Clinical examples of the application of
RQ-PCR
RQ-PCR is used to quantify gene expression. It is
particularly useful to monitor changes in the level of
expression during and following therapy (e.g. BCR-
ABL1 in chronic myeloid leukemia) and as an early
warning system to predict disease relapse (e.g. PML-
RARA in acute promyelocytic leukemia). These exam-
ples will be described in more detail.
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BCR-ABL1 quantitation in chronic myeloid leukemia
Real-time quantitative polymerase chain reaction
(RQ-PCR) of BCR-ABL1 hybrid transcripts is now
the standard method for monitoring the response to
treatment in patients with chronic myeloid leukemia
(CML) who have been induced into complete cytogen-
etic remission. Differences still exist between labora-
tories in the methodology and timing of molecular
monitoring in CML, however, they are becoming
increasingly standardized (see Chapter 14 for details)
[42–45]. BCR-ABL1 transcripts present at extremely
low levels can be accurately detected and quantitated
by RQ-PCR which is capable of detecting a single
chronic myeloid leukemia cell in a population of
105–106 normal cells (Figure 5.7).

Treatment of CML is mainly using ATP-
competitive kinase inhibitors that block BCR-ABL kin-
ase activity, particularly imatinib mesylate (Glivec)
which can induce durable responses in the vastmajority
of patients [46]. However, the re-emergence of the CML

cells which may be associated with the emergence of
resistant leukemia clones bearing mutations in the
BCR-ABL1 kinase domain are a major challenge.
These may be treated with alternative therapeutic
options, if these cells can be detected early enough.

Currently there is an international attempt to
standardize the assessment and reporting of the results
from MRD monitoring. An International Scale (IS)
has been proposed that defines a 3-log reduction in
the transcript ratio from the IRIS trial baseline as
0.10% and the baseline as 100% [47–49]. In addition,
the level of molecular response or the complete molec-
ular response (CMR) has been defined as the achieve-
ment of undetectable BCR-ABL1 transcripts. The
finding of CMR must be based on RQ-PCR method-
ology that is capable of reliably detecting transcripts at
the 0.001% (10–5) level. In addition, a new response,
the major molecular response (MMR), was defined as
being a ≥ 3-log reduction in the BCR-ABL1/BCR ratio
from the diagnostic baseline obtained [47]. Therefore,

Figure 5.7. Real-time quantitative PCR for
BCR-ABL1 fusion. The lower panel shows a
dilution standard curve with each set of
paired colored curves representing the
amplification of 106, 105, 104, 103, 102 and
101 copies of BCR-ABL1. In the upper panel
the patient diagnostic (labeled “Dx”) and
1-year post-therapy (“Post”) curves are
shown. At diagnosis, the patient had nearly
105 copies of BCR-ABL1, whilst after therapy
less than 10 copies are detectable.
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a 3-log reduction in transcript levels represents a
reduction from a standard baseline, rather than an
individual patient baseline, and indicates an absolute,
and not a relative, value for residual disease.
Achievement of at least a MMR has been correlated
with a good outcome in CML [50]. A continued
decline in BCR-ABL transcript level should be inter-
preted as continued response, while increasing BCR-
ABL transcript levels have been correlated with
imatinib-resistant BCR-ABL1 mutations and relapse.
However, because of inherent variability in RQ-PCR
reliability, confirmation with a second test is more
predictive of mutational resistance than a single find-
ing. RQ-PCR detection of an increase in BCR-ABL
transcripts should trigger more stringent RQ-PCR
evaluation, rather than an immediate change in
treatment.

PML-RARA quantitation in acute promyelocytic
leukemia
Acute promyelocytic leukemia (APL) cells contain a
fusion gene comprising the downstream sequences of
the retinoic acid receptor alpha gene (RARA) fused to
the promoter region and upstream sequences of one
of several genes, the most common (> 80%) being the
promyelocytic leukemia gene (PML). The fusion
gene, PML-RARA, may be seen in a karyotype as
t(15;17)(q22;q12). Messenger RNA (PML-RARA)
produced from the fusion gene can be detected by
RT-PCR and indicates the presence of neoplastic
cells. The PCR-based assay has greater sensitivity
than standard methods such as morphology review,
karyotyping, or fluorescence in situ hybridization
(FISH) [51]. Approximately 40% of t(15;17)-positive

cases demonstrate a breakpoint within intron 3 of the
PML gene (Figure 5.8); this is referred to as bcr3 and
results in the fusion of PML exon 3 with RARA exon
3. The bcr1 is detected in approximately 45–55% of
positive cases and results in the fusion of PML exon 6
and RARA exon 3 as the breakpoint occurs in intron
6. The bcr2 is involved in 8–10% of t(15;17)-positive
cases and unlike bcr1 and bcr3, the breakpoint of
bcr2 occurs at inconsistent sites within exon 6 of
the PML gene, resulting in the fusion of a variable
portion of PML exon 6 with exon 3 of the RARA
gene. The location of bcr1, bcr2 and bcr3 produces
fusion transcripts of varying lengths that are referred
to as the long, variant and short forms, respectively. It
is important to identify the PML-RARA fusion gene
and type at diagnosis, since this group of patients is
highly likely to benefit from targeted therapies and can
be monitored by RQ-PCR during therapy. Therefore,
for the assay to be used for ongoing monitoring after
treatment, the PML-RARA transcript type must be
established at the time of diagnosis.

Recent studies have clearly demonstrated that sen-
sitive RQ-PCR monitoring is important during and
following therapy, just as for BCR-ABL1monitoring in
chronic myeloid leukemia. This is because the major-
ity of patients who remain PCR-positive, or revert to
PCR-positivity following therapy, will relapse. It is
important to identify these patients as they are likely
to benefit from early intervention for residual or recur-
rent disease (see also Chapter 8) [52]. RQ-PCR allows
PML-RARA levels to be regularly monitored rather
than simply detecting the presence or absence of dis-
ease and at a single timepoint [53–55]. For disease
monitoring, the MRD assay is reported in the form

Figure 5.8.Diagram showing the different
PML-RARA fusion transcripts in acute
promyelocytic leukemia with the t(15;17)
translocation.
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of a normalized ratio, an estimate of the level of PML-
RARA RNA present in the specimen, expressed in
relation to the level of RNA from an internal control
gene to give a measure of sensitivity [53]. The RQ-PCR
normalized ratio at each time point is compared with
the previous values for the patient. Critical results,
such as increased transcript levels, should be repeated
on another specimen to verify the result. As a word of
caution, PML-RARA levels can only be compared reli-
ably if tested in the same laboratory using the same
procedure each time. The assay will only detect PML-
RARA RNA and will not detect RNA from the less
common RARA fusion genes.

Gene expression analysis
Microarray-based gene expression profiling technol-
ogy was introduced over a decade ago. This powerful
technology allows the simultaneous assessment of the
expression of many thousands of genes, and, poten-
tially, every gene within a cell. Gene expression arrays
can be used to detect DNA or RNA and have been used
to characterize neoplastic cells, including leukemias.
The technology enables gene expression profiles of
normal and malignant cells or between subtypes of
diseases (e.g. AML subtypes) to be compared [56].
Gene expression profiling has been evaluated as a
potential diagnostic tool for hematological malignan-
cies as well as for characterizing cellular pathways. It
has successfully identified gene expression patterns
that segregate between leukemia subtypes.

Principles of gene expression arrays
The principle of gene expression arrays is that there is
hybridization between the nucleotides in a test sample
(target) and gene-specific nucleotides (probes) that are
spotted or directly synthesized on a solid support
(“array”), e.g. glass. The arrayed nucleotides may be
oligonucleotides or PCR products and these may rep-
resent entire genes. The test sample is labeled (e.g.
fluorochrome) and, if complementary sequences are
present, the target hybridizes with the relevant
sequence on the array. Hybridization or binding
results in a detectable signal (e.g. fluorescent signal)
which can be measured. Signal intensity correlates
with the amount of target present in the sample for
each gene sequence. Data analysis is complex due to
the large amount of information generated from a
single array. However, the test enables the full nucleic
acid composition of the sample to be determined.

Many commercial arrays on a variety of platforms
are now available for clinical and research applica-
tions. These vary in their resolution and technical
performance.

Gene expression arrays can be used to assess the
gene expression profile of a sample, e.g. leukemic cells.
The first study utilizing microarray technology dem-
onstrated the power of this tool to classify and predict
human acute leukemia [56]. This array-based classifi-
cation was performed solely on gene expression and
was independent of previous biological knowledge. It
has since been shown that, although morphology,
complemented by cytogenetics or molecular markers,
is still the gold standard in diagnosis and prognosis,
gene expression profiling has proven to be a capable
alternative. Recent microarray studies in a number of
malignancies indicate that this technology may sup-
plant the labor-intensive “gold standard” methods
[57–60]. This could be in the form of whole transcrip-
tome arrays (i.e. 30–100 000 transcripts) or with
leukemia-specific “chips.” Microarrays can even fur-
ther magnify the precision of diagnosis and prognosis,
as well as provide a single standardized platform.
Furthermore, gene expression profiling revealed sev-
eral molecularly distinct subtypes of diseases, which
were formerly considered the same disease, based on
morphological diagnosis. Indeed, this stratification
was in correlation with the response to treatment and
prognosis. Notably, prediction of outcome was based
on gene expression profiling of samples taken at the
time of diagnosis [61–65]. Therefore, genomic large-
scale gene expression profiling should be included in
designing clinical trials, in order to refine the diagnosis
and matching treatment of each malignancy. In con-
clusion, although not currently widely utilized in clin-
ical practice, microarray technology is destined to
eventually enable physicians to tailor-fit therapies for
malignant hematological disorders.

Data interpretation
Regardless of the platform used, each microarray
experiment produces a data set containing tens to
hundreds of thousands of values of gene expression.
This overwhelming abundance of data requires the
use of powerful statistical and analytical tools. There
are two basic approaches to analyze a gene expression
data set:

a. “Supervised” approach: This is based on
determining genes that fit a predetermined pattern.
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This is usually used to correlate gene expression
and clinical data [66]. The two most common
supervised techniques are nearest neighbor
analysis and support vector machines [67,68].

b. “Unsupervised” approach: This is based on
characterizing the components of the data set
without the a priori input or knowledge of a
training signal. This is usually used to identify a
distinct subgroup of tumors that share similar gene
expression profiles. The four most common

unsupervised techniques are hierarchical
clustering [69,70] (Figure 5.10), principal-
component analysis (PCA)[71–74] (Figure 5.9),
self-organizing maps and relevance networks.

Clinical examples of gene expression arrays
Leukemia classification
Hierarchical cluster analysis is traditionally used in
phylogenetic research and has been adapted to

a b

Figure 5.9.Gene expression array data. Principal component analysis (PCA) plots using 30 normal bonemarrow (NBM; red) and 19 AML samples
from patients with t(8;21) translocation (blue) based on the 64 most differentially expressed genes between the two sample types.
a. A two-dimensional representation of the principal component axes.
b. A three-dimensional representation of the same data.

Figure 5.10. A hierarchical clustering heatmap of the samples and genes shown in Figure 5.9. High gene expression is in red and low
expression in blue. The normal bonemarrow samples (blue bar under the top dendrogram) cluster together and separately from the AML t(8;21)
samples (green). The dendrogram on the y-axis shows the clustering of the genes; the top cluster shows genes more highly expressed in the
normal marrow compared with the t(8;21), and the lower cluster those higher in the t(8;21) patients.
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microarray analysis. The goal of cluster analysis in
microarray technology is to group genes or experi-
ments into clusters with similar profiles. These types
of analyses are often seen to show relationships
between patient samples or between different groups
of genes. Several studies in 2004 showed that AML
could be clustered into different subgroups; each sub-
group had different cytogenetics or mutations pre-
dominating in the subgroups [59,75]. More recently,
the MILE study group profiled over 3200 leukemia
samples to produce a molecular classifier for up to 18
different types of leukemia, both chronic and acute
[57]. In a subsequent assessment, a focused group of
14 classes of acute leukemia showed high diagnostic
classification accuracy (95.6% median sensitivity
and 99.8% median specificity) when compared with
the current “gold standard” diagnostic approach. A
review of the discordant results in this analysis
showed that the microarray results were in fact
correct and had outperformed the standard diagnostic
methods in 75% of these discrepant cases. This and
other similar studies demonstrate that gene expression
profiling can be used to diagnose and classify
hematological malignancies with extremely high
accuracy.

Prediction of prognosis and therapeutic response
Information obtained from gene expression micro-
arrays can also be used to predict disease prognosis
and therapeutic response. Gene expression profiling of
cytogenetically normal AML, for example, has identi-
fied both previously known subgroups and novel
classes with distinct expression clusters that were asso-
ciated with prognosis [76]. Other studies have exam-
ined two groups of AML patients (good-prognosis
group and poor-prognosis group) to identify differ-
ences in treatment responses [63]. These studies have
been able to identify candidate genes with differential
levels of expression between good- and poor-
prognosis AML groups. This approach may, in future,
be used clinically to allow better determination of
prognosis of AML.

The MILE study also assessed myelodysplasia with
the following findings:

a. Gene expression patterns in myelodysplasia were
highly predictive of time to AML transformation.
This was further enhanced when a gene
expression-based prognostic classifier was
constructed [61].

b. The expression profile of CD34-positive bone
marrow cells from myelodysplasia patients
differed from normal individuals.

c. Gene expression profiles could identify differing
clinical outcomes, such as therapy-related
myelodysplasia versus secondary myelodysplasia
or with different cytogenetics [77].

d. Molecular criteria could be used for refining
prognostic categorization in myelodysplasia.

Other molecular genetic test types
Over the past decade there has been a tremendous
explosion in the number and range of genetic tests
available for the assessment of specific chromosomal
changes and the perturbed genes in hematological
malignancies. Many of these (as described above) are
now in routine practice for diagnosis, determining
prognosis and for disease monitoring. Other molecu-
lar genetic techniques are also available but either only
have a limited role in clinical practice or are yet to be
introduced. Some of the newer techniques involve
genome-wide molecular strategies and include:

a. Whole genome DNA sequencing: to detect
acquired mutations specific for a malignancy.

b. Oligonucleotide arrays to analyze single-
nucleotide polymorphisms and identify regions of
genomic loss or amplification, and loss of
heterozygosity or uniparental disomy.

Conclusion
There is a vast array of molecular genetic techniques
available for the identification of genes involved in
mutations, rearrangements or translocations in hem-
atological malignancies. Many of these are now essen-
tial in the diagnostic armamentarium of hematological
malignancies. As well as increasing knowledge about
disease development they have been shown to have
clinically useful beneficial consequences for both diag-
nosis and management such as:

a. Confirming clonality.
b. Detecting disease-associated genotypes.
c. Determining prognosis.
d. Monitoring residual disease following therapy.
e. Predicting imminent relapse.

Reliable and accurate molecular-based diagnostic tests
have also contributed to ensuring subsets of patients
have themost beneficial therapies for their disease. New
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genetic testing strategies continue to be developed and
their roles will require assessment in clinical trials.
Whole genome sequencing is currently in its infancy
and it remains to be seen whether this may become a
clinically useful tool in the future. The rational use of
these genomic tests will become ever more important as
we move towards personalized therapies.
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Part 2

6
Hematological malignancies

The integrated approach to the diagnosis
of hematological malignancies
Mike A. Scott and Wendy N. Erber

The preceding chapters have illustrated that the
analysis of hematological malignancies utilizes a
range of cellular and genetic techniques of increas-
ing sophistication and sensitivity. These generate
bio-information of greater complexity than ever
before, thereby requiring extensive data interpreta-
tion and integration. Only when the results of all test
parameters are viewed together can the data facilitate
an accurate and timely diagnosis, give prognostic
indices, and be useful for monitoring treatment and/or
disease progression. This approach necessitates a cen-
tralized laboratory facility staffed with a multi-skilled
medical and scientific workforce focused on hemato-
oncology diagnostics. They must be capable of carrying
out a wide repertoire of diagnostic investigations and
have the ability to interpret the data. This integrated
approach to hemato-oncology diagnostics has proven
advantages for clinicians and their patients. These com-
prehensive diagnostic centers are now being established
in a number of countries. This chapter describes the
structure of and role for integrated hemato-oncology
diagnostic services.

What is an integrated
hemato-oncology diagnostic service?
An integrated hematological malignancy (or hemato-
oncology) diagnostic service is a comprehensive diag-
nostic facility for the processing and analysis of
pathology samples from patients with, or suspected of
having, a hematological neoplasm (Figure 6.1). Multiple
test modalities are completed on a single sample, the
results integrated and interpreted within the clinical
context, a single report generated, and the information
communicated to the requesting clinician. The concept
is of “one patient, one diagnosis, one report” and this
is only achievable with a multi-disciplinary laboratory

performing all the relevant and up-to-date investiga-
tions. Many of these are investigations that would pre-
viously have been performed in different departments
or disciplines of pathology. The integrated approach
places the emphasis on achieving the most accurate
diagnosis and because of the range of testing it crosses
traditional boundaries between pathology disciplines.
A laboratory of this type should provide the highest
quality, most cost-effective, modern and efficient diag-
nostic service for as many patients as possible.

A comprehensive hemato-oncology laboratory
should be able to provide as extensive a test repertoire
as possible (as detailed below) in order to meet the
diagnostic requirements of the WHO classification [1].
A truly integrated diagnostic service should have all
testing facilities in one location, i.e. morphology, pheno-
typing and genetic analyses, and ideally should be
co-located within the same laboratory. This facilitates
sample triage, determination of testing strategy, discus-
sion and integration of results and clinical interpretation
to reach a WHO diagnosis. It also maximizes efficiency
by streamlining and prioritizing investigations, avoids
unnecessary duplication and minimizes turn-around
time. These and other advantages of such a comprehen-
sive integrated environment are listed in Table 6.1.

The laboratory should be staffed by scientific and
medical personnel (hematologists, hemato-pathologists
and/or histopathologists) with significant knowledge
of the biology and genetics of hematological malignan-
cies and extensive experience in diagnostic method-
ology. They require appropriate expertise, a range of
skills and a flexible and readily adaptive approach to
scientific advance. They should have a working under-
standing of the laboratory processes and the need to
integrate data in order to reach a diagnosis. The labo-
ratory personnel need to have regular discussions to
determine protocols, including which tests to perform,
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when they should be used and on which samples.
Furthermore, they need to be flexible to clinical
needs, be able to prioritize urgent samples and to
understand that one result may be of greater impor-
tance than another in a given situation. They must also
be capable of adopting new technologies and, of equal
importance, replacing out-dated tests when required.

Why do we need integrated
hemato-oncology diagnostic services?
Over the past decade there have been a number of
significant clinical and scientific developments in
hemato-oncology which have contributed to the
need for integrated diagnostic laboratories. These,
which will be discussed below, include:

1. Scientific advances.
2. The WHO Classification of Tumours of

Haematopoietic and Lymphoid Tissues.
3. Modernization of clinical hemato-oncology

practice.
4. Guidelines and regulations.

Scientific advances
Until the 1980s, the diagnosis of hematological malig-
nancies relied largely on morphological assessment

and cytochemistry. There was limited use of polyclo-
nal antibodies and immunocytochemistry and cytoge-
netics was in its infancy. The introduction of
monoclonal antibodies in the 1980s signaled the
birth of a new era in diagnostic hematopathology.
Cell immunology using immunocytochemistry and
flow cytometry, as described in Chapters 2 and 3
respectively, has subsequently revolutionized many
aspects of the diagnosis of hematological malignan-
cies. These technologies have become essential addi-
tions to the diagnostic armamentarium. Most
recently this has involved the development of highly
sensitive multi-parameter flow cytometry that enables
simultaneous evaluation of eight or more surface and
intra-cellular molecules at the single cell level. This
powerful and sophisticated technology is amenable to
clinical analysis and residual disease monitoring of neo-
plastic hematopoietic cells. This requires significant
technical expertise, standardization of testing strategies
and bioinformatic analysis to enable efficient data inter-
pretation for clinical use [2,3]. Immunocytochemistry
has also evolved and has become routine in the analysis
of bone marrow biopsies. Standardized methodologies
and automation of testing and interpretation are
becoming essential as clinical decisions are made on
the basis of results generated.

Figure 6.1. Structure of an integrated diagnostic service.
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There have also been major and perhaps even
more significant advances in the field of genetics.
New genetic abnormalities of clinical significance
have been discovered, some of which are of key
importance in defining specific hematological malig-
nancies or in providing prognostic information. For
example:

1. Recurrent genetic translocations associated with
specific malignancies, e.g. acute myeloid leukemias
and some types of lymphoma.

2. Rearrangements within the immunoglobulin and
T-cell receptor genes enabling lymphoid cell
clonality to be demonstrated at the genetic level [4].

3. Point mutations, e.g. JAK2, MPL and TET2
mutations in myeloproliferative neoplasms [5–7];
FLT3, NPM1 and CEBPAmutations in some types
of acute myeloid leukemia [8].

4. IgVH mutation status and prognosis in chronic
lymphocytic leukemia.

New genetic techniques have also been developed,
e.g. FISH, PCR, RT-PCR, aCGH, gene expression
analysis, which have been described in detail in
Chapters 4 and 5. Many of these are now performed
as standard at diagnosis, for prognosis and follow-up
of sequential samples in disease monitoring. The pro-
vision of these complex and rapidly changing tests is
best served by a centralized specialist diagnostic unit,
thus enabling the most appropriate tests to be per-
formed and at the correct timing during and follow-
ing therapy.

With the increasing number of test options avail-
able, it is neither technically feasible nor cost-effective
for the above-mentioned, clinically important, com-
plicated and expensive analyses to be performed in
all routine laboratories. This is one of the main
drivers behind the development of integrated hem-
ato-oncology diagnostic services. Comprehensive
laboratories are better placed to be able to provide
these new technologies for a large patient cohort
covering a number of referral institutions within a
geographical area.

WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues
The adoption of the WHO classification of hemato-
poietic neoplasms in 2001, and the subsequent revi-
sion in 2008, has had a major effect on diagnostic
hemato-oncology practice [1]. The classification has
emphasized the importance of a multi-parameter
approach incorporating clinical and diagnostic infor-
mation to define disease entities. The role and validity
of the classification has been demonstrated as follows:

1. Use in international studies to standardize
diagnostic criteria.

2. Its reproducibility has been shown to enhance the
interpretation of clinical studies [9].

3. Introduced the concept of pathologic predictors of
therapeutic response and outcome.

4. Demonstrated importance in prognostic
prediction.

5. Diagnostic hematologists and hematopathologists,
clinical hematologists, physicians and oncologists
use the same terminology for hematological
malignancies.

Table 6.1 Advantages and activities of hemato-oncology
diagnostic services.

Regional diagnostic center of excellence

Diagnostic standardization

Uniform approaches to disease monitoring

Amalgamation of results of all test parameters

Single integrated report with full interpretation and WHO
classification

Improved communication between pathologists and clinicians

Improved clinical care

Potential for personalized medicine and appropriate targeted
therapies

Rapid response to scientific and technical developments

Database of cases

Audit of laboratory data

Prioritization of testing, efficient and reduced turn-around-time

Retrospective case review

Epidemiological studies

Sample banking

Participation in research and development

Close ties with multiple clinical service units, and national trials

Center of expertise for teaching and training

Equity of patient access

Supports clinical excellence
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Overall the WHO classification has been highly bene-
ficial and resulted in diagnostic services and clinicians
communicating using the same “language.” However,
to be able to use theWHO classification efficiently and
achieve its aims, all clinical information and labora-
tory results (morphology, phenotype and genetics)
must be amalgamated; this is best achieved in an
integrated testing environment.

Modern clinical hemato-oncology practice
Modern clinical hemato-oncology practice uses inten-
sive therapeutic regimens, targeted therapies and
transplantation. These modern treatment strategies
place increasing and new demands on diagnostic lab-
oratories. Clinicians require ever more detailed infor-
mation regarding a disease and its clinical status, e.g.
the ability to identify “molecular remission” and early
“molecular relapse” for some disorders. To detect
these early warnings of impending relapse requires
highly sensitive molecular monitoring. This form of
disease monitoring provides a sensitive indicator of
the need to commence pre-emptive therapy, a strategy
adopted for acute promyelocytic leukemia and chronic
myeloid leukemia (see Chapters 8 and 13, respec-
tively). This illustrates why diagnostic laboratories
require a complete range of highly sensitive tests in
their repertoire to support the increasingly sophisti-
cated and patient-oriented therapeutic strategies.
Information that clinicians now seek from the diag-
nostic service includes:

1. A precise diagnosis and WHO classification.
2. Identification of morphologic, phenotypic or

genetic markers associated with prognosis.
3. Knowledge of potential therapeutic targets.
4. Regular monitoring for low-level residual disease,

including molecular remission, and with
increasing sensitivity.

5. Results of diagnostic tests to be generated in a
timely fashion.

6. Data interpretation within the clinical context.
7. Single integrated diagnostic report.
8. Communication with clinicians.
9. Participation in clinical meetings.

National guidelines and regulations
Some countries are now supporting, recommending
or legislating that diagnostic services for hemato-
logical malignancies be centralized [10]. The aims of

these national initiatives have included, but are not
restricted to:

1. Providing diagnostic excellence to as large a
patient population as possible.

2. Rationalizing complex testing.
3. Addressing concerns of inter-observer variability

in morphology.
4. Standardization of methodology.
5. Addressing the lack of quality control in diagnostic

testing.
6. Ensuring equity of patient access.
7. Improving quality of patient care.

In the UK, regional hemato-oncology diagnostic
services have been established in a number of major
centers. These serve geographical regions with popu-
lations of 3–4 million and between 10 and 20 refer-
ring clinical hematology units [10,11]. The guidelines
in the UK have stipulated that these services have
appropriately qualified medical and scientific staff
and apply a range of diagnostic tests to establish
accurate and precise diagnoses of hematological
malignancies. Results must be integrated and inter-
preted by experts who work together with the refer-
ring clinical hematologists and care teams. Different
models have been established in other countries. In
Germany, for example, a national ‘Acute and Chronic
Leukemias’ competence network has been developed.
The network, which comprises over 300 centers,
works towards standardization of diagnostic proce-
dures in leukemia [12]. Initiatives are also in place to
further integrate all major regional diagnostic groups
to achieve greater standardization of testing and dis-
ease monitoring.

How does an integrated
hemato-oncology diagnostic
service work?
An integrated hemato-oncology diagnostic service has
many functions (Figure 6.1). These include:

1. Specimen analysis: from sample reception and
testing to a completed report being issued to the
referring clinician.

2. Education and training.
3. Research and development.
4. Participation in clinico-pathological conferences.
5. Maintenance of data via dedicated information

technology systems.
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These roles have grown, and will continue to evolve
due primarily to the introduction of new scientific and
technological advances which will further advance our
understanding of malignant hematological disorders.
A description follows of the practical aspects of an
integrated service illustrating the concept of “one
patient, one diagnosis, one report.”

Sample receipt, triage and analysis
Specimens received in the laboratory (by courier or
post) are initially assessed for:

1. Patient demographics.
2. Clinical information, specifically the provisional

diagnosis.
3. Stage of disease (diagnosis or follow-up).
4. Sample type (i.e. blood, bone marrow aspirate,

bone marrow trephine, lymph node).
5. Tests requested.

The sample will first be assessed for its integrity
and registered in the laboratory computer system. An
initial morphology screen (“specimen triage”) of an
appropriately stained sample should then be per-
formed to give a rapid “working diagnosis,” determine
the most appropriate diagnostic pathway to follow
and define the range of investigations required
(Figure 6.2). The sample may need to be aliquoted to
provide material for all the necessary tests. Sample
information, including the tests being undertaken,

should be entered into the computer; this data entry
is crucial for sample tracking.

Testing protocols, or diagnostic pathways, should
be developed by the laboratory in collaboration with
referring hematologists. These should be based on
WHO diagnostic criteria and published literature.
These should be adopted as standardized testing strat-
egies. They incorporate multiple test modalities (see
below) and will assist in ensuring reproducibility,
avoid unnecessary test duplication and be of value
for case comparisons and audit. Different pathways
may need to be developed for diagnostic and follow-
up samples as the information required differs. An
illustrative example of a diagnostic pathway for a
newly presenting case of acute leukemia is shown in
Figure 6.3. This pathway can be used as a template
for other malignancies with modifications and exclu-
sions as required. For example, flow cytometry is
generally not required in the investigation of myelo-
proliferative neoplasms.

The diagnostic sample
The first sample received on a patient (the “diagnostic
sample”) should have as complete a multi-parameter
diagnostic work-up as possible. This initial evaluation
is to obtain maximal cellular and genetic information
about the disease. This gives a “biological baseline”
from which clinical, therapeutic and disease monitor-
ing decisions will be made. Thorough primary testing
using multiple test modalities is valid:

Figure 6.2. Schematic diagram illustrating
the functioning of an integrated hemato-
oncology diagnostic laboratory. HODS:
Hemato-Oncology Diagnostic Service.
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1. To ensure an accurate diagnosis and classification
according to WHO criteria.

2. To identify phenotypic or genotypic markers of
prognosis.

3. To identify potential therapeutic targets, e.g. CD20
expression in B-cell malignancies.

4. To identify the most appropriate and sensitive
disease-associated marker to use for therapeutic
monitoring.

5. Multiple confirmatory tests provide a form of
internal quality assurance.

All test types will be reported and a final integrated
report should be prepared on completion of all diag-
nostic testing on this primary sample. The final
report includes results of all test modalities and the
final WHO diagnosis (see below). This will require
incorporating and comparing results of all tests that
may detect the same abnormality (e.g. karyotype,
FISH and RT-PCR in the diagnosis of chronic mye-
loid leukemia). Results of prognostic significance
should also be incorporated in the report and con-
veyed to the clinician. The prognostic information
may be:

1. A single piece of genetic or phenotypic
information, e.g. the presence of a FLT3 ITD in
acute myeloid leukemia; ploidy in B lymphoblastic
leukemia/lymphoma.

2. Multiple genetic defects, such as complex
karyotypes in myelodysplasia.

3. An amalgamation of phenotypic and genetic
results. Table 6.2 gives an example of prognostic
indicators available for chronic lymphocytic
leukemia (see also Chapter 9).

Figure 6.3. Example of a diagnostic pathway
for acute leukemia testing.

Table 6.2. Poor prognostic indicators in chronic lymphocytic
leukemia.

Clinico-hematologic
parameter

Prognostic
characteristic

Hematological and
biochemical

Anemia and/or
thrombocytopenia
Lymphocyte doubling time
Organomegaly
β2-microglobulin
Lactate dehydrogenase

Lymphocyte morphology Atypical morphological
features

Bone marrow trephine biopsy
histology

Diffuse marrow infiltration

Cell phenotype CD20 antigen intensity
CD38 expression
ZAP-70 expression
CD49d expression

Genetic abnormalities TP53 mutations
del17p
ATM mutations
Genetic complexity
Clonal evolution
Short telomere length

Immunoglobulin analysis Unmutated IgVH
IgVH3–21 gene usage
B-cell receptor stereotype
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Follow-up and disease monitoring
An increasingly important role of the integrated lab-
oratory is disease monitoring on sequential follow-
up samples. This is to determine whether there is
evidence of:

1. Complete remission, i.e. no evidence of disease by
standard criteria, e.g. < 5% morphologically
detectable blast cells in acute leukemia.

2. Minimal residual disease, i.e. persistence of
small numbers of malignant cells following therapy
which are undetectable by conventional methods.

The importance of this has increased due to new thera-
pies which have the potential to cure and because of the
instigation of, or changes to, therapy once low-level
residual disease is detected. The tests to be performed
during and after completion of therapy will be based on
the knowledge of the disease as determined at diagnosis,
together with knowledge of the sensitivities of each test
modality (Table 6.3). This tailored approach minimizes
unnecessary testing and maximizes the quality of infor-
mation available to the clinician. The most appropriate
test or tests to perform will therefore be determined by:

1. Sample type, i.e. blood, bone marrow aspirate or
bone marrow trephine.

2. Knowledge of the cellular and genetic features of
the disease that can be used to distinguish
neoplastic cells from normal hematopoietic cells.

3. Required sensitivity of detection; levels of less than
0.01% may be required in some disorders.

4. The clinical urgency.

Figure 6.4 illustrates a case of acute myeloid leukemia
showing the difference in sensitivities between
morphology, cytogenetics and molecular genetics in
monitoring the therapeutic response. This highlights
the relative lack of sensitivity of morphology and FISH
for the assessment of “complete remission” compared
with molecular monitoring using RT-PCR.

Internationally standardized treatment response
criteria have been devised for some malignancies.
These commonly include clinical, biochemical and
radiological parameters together with cellular (morpho-
logic, phenotypic and/or genetic) features. This is illus-
trated by the disease response criteria for essential
thrombocythemia, which are based on clinical, mor-
phological and molecular characteristics (Table 6.4)
[13]. Response criteria for plasma cell myeloma are
also defined by a combination of features, i.e. morphol-
ogy (≤ 5% plasma cells), immunophenotyping (absence
of clonal plasma cells), paraprotein and serum free
light chain levels and disappearance of plasmacytomas
[14,15]. As response assessment for many malignancies
requires integration of multiple pieces of data together
with clinical information, discrepancies can occur
and these must be resolved. Discrepant results may
be due to sampling differences, different sensitivities
of the methods used and/or different interpretations.

Table 6.3. Test sensitivity for disease monitoring.

Test type Features Sensitivity

Morphology Distinct light microscopic cell appearances
Disease specific
Abnormal topography on bone marrow trephine biopsy

0.1–3%

Immunophenotype
Flow cytometry
Immunocytochemistry

Cellular antigen expression
Disease-associated phenotype
Localized antigen-positive cells in the bone marrow trephine

0.01–1%

Karyotype (G-banding) To detect chromosome structure
Labor intensive and poor sensitivity
Requires a genetic marker of disease
Good specificity

1–5%

Fluorescence in situ hybridization Requires a genetic marker of disease
Labor intensive
Increased sensitivity when combined with phenotypic cell
identification (FICTION)

0.1–3%

PCR, RT-PCR and real-time quantitative PCR Requires a genetic marker of disease
Sensitive

0.0001–0.01%
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Resolution will generally require discussion with the
treating clinician and may require the “worst” result
to be adopted [16]. These issues highlight the impor-
tance of clinical input in result interpretation in
residual disease analysis. Clinical status of the patient

in addition to knowledge of the therapy administered
and its timing, as well as biochemical and radiological
data are essential [16]. The clinical chapters that
follow will describe in detail the optimal methods
for monitoring individual diseases.
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Figure 6.4. A case of acute myeloid leukemia with translocation t(8;16)(p11:p13); MOZ-CBP. This demonstrates the difference in sensitivity of
morphology, cytogenetics (green) and RT-PCR (red) for disease monitoring (open circles indicate negative and closed circles a positive result).

Table 6.4. International criteria for residual disease and treatment response for essential thrombocythemia [13].

Response
definitions

Complete response Partial response No response

Clinical/hematologic
response

No disease-related symptoms, and
Normal spleen size on imaging, and
Platelet count ≤ 400 × 109/L, and
Leukocyte count ≤ 10 × 109/L

Do not fulfill complete response criteria,
platelet count ≤ 600 × 109/L or > 50%
decrease from baseline

Any response that
does not meet
partial response
criteria

Molecular response
(only applied if the
baseline mutant allele
burden is > 10%)

Reduction of any molecular
abnormality (e.g. JAK2; MPL) to
undetectable levels

1. A ≥ 50% reduction from baseline in
patients with < 50% mutant allele
burden at baseline, or

2. Reduction of ≥ 25% from baseline in
patients with > 50% mutant allele
burden at baseline

Any response that
does not meet
partial response
criteria

Bone marrow
histological response

Bone marrow histologic remission
Absence of megakaryocytic
hyperplasia
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Requirements for an integrated
hemato-oncology diagnostic service
An integrated hemato-oncology laboratorymust be able
to provide excellence in morphology, together with
state-of-the-art immunocytochemistry, flow cytometry,
cytogenetic and molecular genetic analyses. Ideally this
should be for both primary hematological samples,
i.e. blood and bone marrow, and relevant tissue bi-
opsy specimens such as lymph nodes [10]. In practice,
it may not always be feasible to include tissue biopsies
due to internal arrangements within institutions. The
components of an integrated laboratory are described.

Morphology
Morphological assessment of the blood, bone marrow
and other diagnostic material (e.g. body fluids, tissue
biopsies) remains the cornerstone for the diagnosis of
the majority of hematological malignancies. Expertise
in the light-microscopic appearances of the range of
hematological malignancies is therefore essential. For
some malignancies the morphology may be diagnostic
and supplementary investigations are confirmatory.
For others, the morphological appearances together
with the clinical information will be the “screen” to
determine the pathway to follow and the range of
ancillary tests required to classify the malignancy.
Morphology is also used for disease monitoring and
may suffice in some situations where:

1. The neoplastic cell has a distinct appearance, or
2. The cell phenotype is not distinct and there is no

genetic marker of the disease.

For example, acute myeloid leukemia which has a nor-
mal karyotype and no specific leukemia-associated phe-
notype but the cells have a distinct morphological
appearance. The presence of < 5% blast cells would
define “morphological complete remission” [17].

Phenotyping
Cellular immunology is a key component in the assess-
ment of hematological malignancies. Flow cytometry,
in particular, is one of the most important test modal-
ities of a centralized integrated facility. This is because
of its wide applicability to cellular samples and speed
resulting in rapid turn-around. Immunocytochemis-
try, performed on cell smears or tissue biopsy speci-
mens, is also critical. This adds the dimension of

morphological identification of the abnormal cells
and simultaneous identification of the cell phenotype
in routinely processed material, and especially, bone
marrow trephine biopsies (see Chapter 2). A central
referral laboratory must therefore be able to offer:

1. Multi-parameter flow cytometry (minimum
four-color analysis) (see Chapter 3).

2. Automated immuno-enzyme staining techniques,
including double labeling, suitable for smears and
fixed tissue biopsies (see Chapter 2).

3. Immunofluorescent microscopy, specifically to
detect abnormal PML protein (see Chapter 2).

4. Use of an extensive range of antibodies, sufficient
to meet the diagnostic criteria for common and
rare diagnoses, and to detect antigens of prognostic
importance and targets of immunotherapy.

5. The potential to combine immunofluorescence
and fluorescence in situ hybridization (FISH) in
order to detect relevant genetic abnormalities by
FICTION (see Chapters 2 and 4) [17,18].

Flow cytometry and immunocytochemistry can both
be useful for disease monitoring if the neoplastic
cells have a disease-associated phenotype that ena-
bles them to be distinguished from normal cells.
Examples include:

1. T lymphoblastic leukemia/lymphoma: TdT/
cytoplasmic CD3 dual-positive cells in blood or
bone marrow (see Chapter 7).

2. Hairy cell leukemia: CD11c/CD103/T-bet-positive
light chain-restricted B-cells in blood or bone
marrow [19,20] (see Chapter 9).

3. Angioimmunoblastic T-cell lymphoma:
CD10-positive T-cells (see Chapter 11) [21].

4. Chronic lymphocytic leukemia: CD5-positive light
chain-restricted B-cells with weak CD22 and CD81
expression [22] (see Chapter 9).

Highly skilled scientific personnel are required with
the ability to perform, interpret and understand
the limitations of multi-parameter flow cytometry.
This is particularly the case for modern flow cyto-
metry, which, with its increasing complexity (> four-
color analyses), requires standardization of antibody
panels, fluorochromes and data analysis [3]. There
is an increasing number of validated antibodies
and an ever-expanding repertoire of phenotyping
applications, the technology is becoming more
sophisticated and data interpretation more complex.
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Because of these complexities, uniform flow cyto-
metric strategies are being developed and standar-
dized (e.g. EuroFlow Consortium) should be used
[2,23].

Cytogenetics
As discussed in Chapter 4, the detection of chromoso-
mal abnormalities is an essential element in the multi-
modal assessment of hematological malignancies and
should be included in an integrated diagnostic labora-
tory. For some disorders genetic abnormalities are
the key defining feature. For others, genetic alterations
may be closely associated with a clinical entity and
their detection may prove useful to confirm a diag-
nosis and for disease monitoring. Decisions about
the need for cytogenetic analysis usually follow prelimi-
nary morphological assessment. In some situations the
optimal genetic analysis (i.e. which test and/or which
FISH probes) will also be guided by results of cell phe-
notyping (specifically knowledge of the cell lineage and
stage of differentiation). Scientific expertise is required,
particularly for conventional karyotyping of meta-
phases (the “gold standard”) but also for FISH, which
is increasingly being utilized to pin-point specific chro-
mosomal abnormalities. Since FISH can be performed
both on metaphase spreads and routine hematological
specimens (cell smears and paraffin-embedded tissue
sections), and takes only 2–3 days to perform, its role is
increasing. FISH can be used to target specific genetic
lesions, e.g. PML-RARA of t(15;17) in acute promyelo-
cytic leukemia or 11q23 abnormalities in MLL leuke-
mias, and thereby provides early and rapid diagnostic
genetic information. Other examples where the early
demonstration of specific genetic abnormalities may be
important for instigation of therapy include:

1. Demonstration of t(9;22); BCR-ABL1 in an
unexplained neutrophilia, thereby confirming the
diagnosis of chronic myelogenous leukemia.

2. Identification of del(17p) in chronic
lymphocytic leukemia and its association with a
poor prognosis.

Cytogenetics can also be applied for disease monitor-
ing but with relatively low sensitivity. Conventional
karyotyping is generally regarded as being insuffi-
ciently sensitive (1–5%), but in some situations may
be the only objective measure of disease. FISH, with
sensitivities of 0.1–3% neoplastic cells, can be used to
target specific known disease-associated genetic

aberrations. FICTION, or combined immunopheno-
typing and FISH, can increase the sensitivity of detec-
tion as only cells of known phenotype will be analyzed
for the genetic defect [18].

Genetic testing of hematological malignancies is
a rapidly evolving field. Regional or centralized serv-
ices should have the flexibility and skill to integrate
new, complex and expensive technologies and appli-
cations, such as multicolor FISH, spectral karyotyping,
comparative genomic hybridization and array-based
whole genome analysis screening into their test reper-
toire [24].

Molecular genetics
As described in Chapter 5, molecular genetic analysis
provides sensitive technology for the detection and
quantitation of molecular abnormalities for diagnosis,
prognosis and residual disease monitoring over a
range of hematological malignancies. Testing for the
molecular consequence of acquired genetic change is
the most rapidly evolving area of diagnostics in hem-
atopathology. As for cytogenetics, the decisions as to
which molecular tests should be performed at diag-
nosis are based on the results of other investigations,
primarily morphology and phenotyping. Molecular
tests generally complement and add value to the results
obtained by conventional karyotyping and FISH;
however, because of their increased sensitivity, they
are of particular value in disease monitoring [25,26].
Whether a particular neoplasm can be monitored by
molecular techniques will generally have been deter-
mined by the baseline molecular genetic work-up at
diagnosis. This highlights the importance of a thor-
ough assessment at diagnosis as PCR-based techniques
(e.g. PCR, RT-PCR, quantitative RT-PCR) can only be
used to detect a subset of molecular abnormalities that
occur in hematological malignancies. For this reason it
is important to know that a genetic abnormality can be
detected in the malignant cells in a specific patient at
diagnosis and that the test in question can be used for
disease monitoring.

Genetic rearrangements that can currently be
detected using PCR include:

1. Fusion genes as a consequence of translocations
and occasionally deletions.

2. Over-expression of oncogenes.
3. Point mutations which are cryptic by conventional

cytogenetic methods.
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Many of these changes carry prognostic significance
and may be useful in guiding treatment aimed at
controlling specific genetic defects, e.g. all-trans retinoic
acid in APML and imatinib mesylate in CML, and
determination of IgVH mutational status in chronic
lymphocytic leukemia.

The increased sensitivity of PCR and other novel
quantitative assays permits detection of low levels of
residual disease below the threshold detectable by
morphological examination and cytogenetic analysis
(Figure 6.4). This allows continued monitoring of
patients and the opportunity to institute therapy
prior to clinical relapse whilst the tumor burden is
still relatively low. The most sensitive techniques in
routine use are those that can detect defects at the
molecular level. PCR, RT-PCR, quantitative PCR and
sequencing can all be used if there is a known detect-
able abnormality, such as:

1. IG or T-cell receptor gene rearrangements in
B-and T-lymphoid neoplasms.

2. Gene translocations, e.g. t(15;17); PML-RARA,
t(14;18); BCL2-IgH@, t(9;22); BCR-ABL1.

3. Gene mutations, e.g. NPM1 or FLT3.
4. Unique genetic sequences which can be detected

using patient-specific primers, e.g. in
B lymphoblastic leukemia/lymphoma.

5. Detection of tumor-specific DNA sequences.

Due to the complexity of the analyses, the range of
tests and applications, the rapid changes in technol-
ogy and the scientific expertise needed, molecular
genetics is best served within a specialized central-
ized service. Standardized approaches to testing,
including test selection, timing and utilization of
international protocols (e.g. BIOMED-2) should be
used [4]. The results of molecular tests must not be
interpreted in isolation; they must always be inter-
preted together with other test modalities. Changes
in technology, for example, multiplex PCR, large-
scale mutation detection and gene expression profil-
ing, are becoming available for routine diagnostics
and will further improve the repertoire of diagnostic
and prognostic information available to the clinical
teams [27,28].

The integrated report
The integrated final report, an essential output of a
hemato-oncology diagnostic service, should be gener-
ated on completion of all test modalities. This final

report should be generated by the specialist hematol-
ogist or hematopathologist and provide the following
information:

1. Summary of the results of all tests performed.
2. WHO classification.
3. Prognostic information.
4. Recommendations for further testing, as

required.
5. Name of the reporting hematologist or

hematopathologist.

Ideally the integrated report should support the inclu-
sion ofmorphological and other images, e.g. karyotype,
FISH, flow cytometry plots or PCR gels (see Figure 6.5
for an example of an integrated report for a case of
acute myeloid leukemia). The report should be access-
ible electronically to referring clinicians via a secure
web-based IT system (see below). This has the benefit
of significantly enhancing the validity and efficiency of
communication and is far superior to paper-based or
standard laboratory information systems for dissemi-
nation of complex diagnostic information. All inte-
grated reports should also be incorporated into a
hemato-oncology database [29]. This is useful, not
only for the individual patient (e.g. comparisons
between presentation and relapse), but also for audit,
epidemiological studies, teaching and research. It is
important to remember that individual interim reports
must also be issued as different test types take different
times to complete. This ensures the clinician is kept
up-to-date with all results as they become available.

Information technology
The laboratory must have a quality information
technology (IT) system which meets the following
requirements:

1. Permits electronic requesting and reporting.
2. Records sample receipt and specimen registration.
3. Allows full tracking of samples and tests.
4. Data and result entry with all diagnostic

information incorporated into a single computer
file.

5. Capable of generating a final integrated report.
6. Able to incorporate images.
7. Web-based access for referring clinicians to

integrated reports on-line in host hospitals.
8. Able to be used to build a comprehensive

searchable database or case-file system for follow-
up, teaching, presentations, audit and research.
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9. Enable extraction of population-based
epidemiological and statistical data.

10. Be secure, enabling access to results to be restricted
to the specific referring clinician or institution and
the laboratory.

11. Able to monitor workload and be used for service
planning.

Communication with clinicians
Communication is critical to the success of this inte-
grated approach. There must be excellent lines of com-
munication between sections within the diagnostic

laboratory and between the clinician and the diagnostic
service. The diagnostic hematologist and laboratory per-
sonnel must be aware of the clinical situation of the
patient, i.e. clinical details, stage of disease, clinical pro-
tocols and proposed management plan. The clinician
also needs to understand the repertoire of tests available,
the sample types required, the limitations and sensitiv-
ities of the tests. Results must be made available in a
timely manner to meet clinical requirements and with
appropriate interpretive comments. The diagnosis must
be classified according to agreed standardized criteria
with internationally accepted criteria being utilized

HAEMATO-ONCOLOGY DIAGNOSTIC REPORT
Demographics
Patient Name: Hospital Number:
D.O.B: Sample ID:
Consultant: Sample Date:
Ward:

Other, Alison 
12.09.1964
Dr Y Street
A7 Sample Time:

10064921
2009:HO21D1
18.12.2009
12:30

Clinical Details
? Acute leukaemia – blast cells present in peripheral blood.  
Past history of carcinoma of the breast and chemotherapy. 

Morphology
Peripheral Blood:
Hb 135g/L; WBC: 58 x 109/L; Platelets 73 x 109/L.   
Blood film: Blast cells with monocytoid differentiation. 

Bone Marrow Aspirate:
Site: Right posterior superior iliac crest.  
Cellularity: Markedly hypercellular.  
95% blast cells with minimal monocytoid 
differentiation and show erythrophagocytosis.  
Acute monoblastic leukaemia

Bone Marrow Trephine:
Hypercellular marrow replaced by blast cells.  
Phenotype: CD45, CD33 and lysozyme positive.  
Marrow involvement by acute myeloid leukaemia
with monocytoid differentiation. 

Flow Cytometry:
Positive: CD13, CD14, CD33, CD64. 
Negative: CD34, CD117 and MPO.  
Phenotype of acute myeloid leukaemia
with monocytoid differentiation.

Cytogenetics:
46,XX,t(8;16)(p11.2;p13.3) [20]

Molecular Analysis:
MOZ-CBP and CBP-MOZ fusion

MOZ-CBP

transcripts detected by RT-PCR.

Summary and WHO Classification
Acute Monoblastic Leukaemia with t(8;16)(p11.2;p13.3)

This type of leukaemia is commonly secondary (therapy-
related), associated with blast cells with erythrophagocytosis 
and has a poor prognosis.  
Recommend residual disease monitoring by RT-PCR for 

Date:
Date:

Authorised by:
Reported by:

Figure 6.5. Example of an integrated
hemato-oncology report.
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wherever possible. For most entities this is likely to be
based on the WHO classification; if another classifica-
tion scheme is being applied, it must be clear to the
referring clinicians which is being used. There should
be regular clinico-pathological meetings of clinicians
and diagnostic hematologists/hemato-pathologists to
discuss and review clinical and diagnostic information
(including morphological images, flow cytometry and
genetic data). In the UK this is in the form of multi-
disciplinary team meetings [10]. These forums ensure
that results for all patients are discussed in context and
are used appropriately in clinical decision-making.

Other activities of a hemato-oncology
diagnostic service

Quality assurance, audit and governance
A hemato-oncology diagnostic service, like any other
pathology laboratory, must ensure the quality of its
results and be able to demonstrate this to its stake-
holders (i.e. clinician users, patients, funders). This
should be done by regularly reviewing policies and
procedures, testing strategies, equipment and labo-
ratory structure to be confident that they are appro-
priate, up-to-date and in accordance with clinical
requirements and national and/or international regu-
lations. Participation in external quality assurance
programmes is crucial due to the complexity of many
of the analyses. This ensures that the results are accu-
rate, reproducible and there is inter-laboratory compa-
rability [30]. Internal quality also can be demonstrated
by showing concordance of results obtained in the
laboratory by different methods. For example:

1. Acute promyelocytic leukemia: morphology,
phenotype, PML protein, FISH, karyotype and
RT-PCR results should all be concordant.

2. B-cell clonality: results obtained by flow cytometry
showing light chain restriction and
immunoglobulin gene rearrangement by PCR
should be concordant.

3. Chronic myelogenous leukemia: results of
karyotyping, FISH and RT-PCR should all agree
on the presence of t(9;22); BCR-ABL1.

Regular audits should be performed to assess the
laboratory and its compliance with procedures. It
provides a means to assess requesting practices, test
utilization, workload and turn-around time. Clinical
audit should also be performed to assess the disease

repertoire. Through this process, important new clin-
ical data, such as epidemiological data, identification
of rare entities or emergent diseases can be extracted
and studied. Stakeholders should be provided with
material detailing the range of services, samples
required, anticipated turn-around times and any
new developments or tests available. Governance
issues should be monitored by the laboratory and
reported to clinical users. Information that should
be made available to stakeholders includes:

1. Number of requests.
2. Range of tests available.
3. Workload data for individual test types.
4. Turn-around-times to ensure clinical needs and

guidelines are being adhered to.
5. External quality assurance results.
6. Accreditation status with national bodies

(if appropriate).

Feedback from clinical users and other stakeholders to
the laboratory is valuable; this can be constructive and
help in maintaining quality and for service improve-
ment. Users should therefore be encouraged to com-
ment on the service in the form of complaints,
compliments, recommendations for change (includ-
ing new investigations), and suggested opportunities
for service improvements.

Service improvement and technology
development
An integrated diagnostic service needs the flexibility
to allocate resources and the expertise to be able to
modify practice, such as:

1. Responding rapidly to scientific advances.
2. Introducing new tests and new technologies.
3. Providing investigations for new applications.

Being a centralized service, any new tests developed
will become available to a large number of patients in
a short time period. The advantages of this were dem-
onstrated with the rapid introduction and routine
uptake of molecular genetic testing for JAK2 and
MPL mutations in the investigation of possible mye-
loproliferative neoplasms.

Research and development
A centralized hemato-oncology laboratory should
be an active participant in research and
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development. This may be performed in isolation or
in collaboration with academic centers or national
bodies (e.g. clinical trials, technology development).
Research should utilize the strengths of the diagnos-
tic service and the availability of large numbers of
clinical samples. Sample banking should be encour-
aged but is dependent on institutional ethical appro-
val, compliance with national regulations, patient
consent and a secure database. Samples that could
be banked include purified neoplastic cells, specific
cell subpopulations, cellular components, DNA,
RNA, protein and plasma from a range of hemato-
logical disorders that would be amenable to transla-
tional research.

Staff, education and training
The integrated multi-disciplinary hemato-oncology
laboratory must have a highly focused well-trained
medical and scientific workforce. The staff must
understand the benefits of integrated working and
the rationale for working across traditional pathology
boundaries. Education and staff training are impor-
tant activities of a hemato-oncology diagnostic service.
Integrated diagnostic centers are the ideal location
for post-graduate medical and scientific training and
sub-specialization. This is because of the highly quali-
fied scientific and medical personnel with expertise
in the pathology and investigation of clonal hemato-
logical disorders and the number and range of clinical
cases available on which to teach and train. Education
and training are therefore key functions and should
be one of the strengths of the service.

Advantages of the integrated
approach to hemato-oncology
diagnostics
Regional multi-disciplinary centers for hemato-
oncology diagnosis are the ideal model for the full
assessment of hematological malignancies and com-
pliance with the WHO classification. There are many
advantages for patients and clinicians, primarily in
quality (Table 6.1). This approach supports excellence
in patient care, teaching and research and is cost-
effective, patient-focused and efficient. It provides a
critical mass of scientific and medical expertise which
is available to a large number of patients, many of
whom would not otherwise benefit from such profi-
ciency. A significant benefit is therefore an equitable

service for patients, irrespective of their geographical
location within a region. Inter-regional collaborations
are more easily achieved and will support national
and international networks. Centralized diagnostic
facilities are better able to respond to new demands,
be they clinical, scientific (e.g. introduction of new
investigations), political or economic, and should be
sustainable. However, the major gains are the ability
to integrate results of all tests performed, generate
a pathology report of clinical relevance and commu-
nicate information to clinicians. This is a patient-
focused approach from which clinical benefits will
inevitably follow.

There are a number of requirements that must be
met for integrated services to be a success (Table 6.5).
There must be a major commitment from clinician
users, scientific staff and funders to centralize testing,
and a guarantee that the information technology
requirements will be met. Without these the clinical
advantages will be difficult to achieve. There are eco-
nomic implications with initial capital investment,
staffing and ongoing running costs. However, this is
offset by the clinical advantages, savings in critical
mass and equity of access.

The extent of testing and ability to meet all
WHO criteria may be dependent on the financial
resources and medical and scientific skills available.
It may not be possible, for example, to provide a
complete test repertoire, specifically in resource-poor
countries. It is already acknowledged that molecular
techniques are not readily available in some

Table 6.5. Requirements for a regional hemato-oncology
diagnostic service.

Commitment from users and funders to centralize testing and
integrate data

Regional cooperation and coordination

Medical and scientific expertise in hemato-oncology diagnosis

Transport systems for specimen delivery

Appropriate equipment and other technical resources

Financial support

Excellent communication with referring centers, including regular
team meetings

Information technology systems and support for rapid provision of
results

Commitment to education and training
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jurisdictions due to restricted facilities, and, in
others, advanced scientific technologies may be
available without ready access to skilled personnel
[31]. International networks and collaborations
between large diagnostic facilities should be able to
address some of these limitations.

Conclusion
Integrated hemato-oncology diagnostic testing and
reporting ensures the most accurate diagnosis is
achieved for as large a patient population as possible,
in a timely and cost-effective manner. Such multi-
disciplinary laboratories have proved their advantages
for clinicians and their patients: they are efficient,
generate accurate results, are scientifically robust
and meet clinical needs and the WHO diagnostic
requirements. They also give a platform to provide
rapid responses to technological change and for serv-
ice development. Integrated diagnostic laboratories
should be the standard of care for the diagnosis of
hematological malignancies.
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7 Acute lymphoblastic leukemia
Elaine Coustan-Smith and Dario Campana

Introduction
Acute lymphoblastic leukemia (ALL), also known
as lymphoblastic leukemia/lymphoma in the WHO
classification, is a malignant expansion of immature
lymphoid cells that results from multi-step genetic
changes in a single lymphoid progenitor cell. Its inci-
dence peaks between the ages of 2 and 4 years; rates
are lower during later childhood, adolescence and
young adulthood but the incidence rises in the sixth
decade, reaching a second, smaller peak in the elderly
[1]. ALL is the most common malignancy diagnosed
in patients younger than 15 years [1]. Childhood ALL
appears to have a prenatal origin in many cases [2]. In
the case of identical twins, when leukemia occurs in
one twin, there are a 20% probability that it will also
occur in the other twin due to ALL transfer through
the placental circulation. In identical twins with the
t(4;11); (q21;q23) MLL-AFF1, the chances of ALL
becoming clinically overt in the other twin in a short
period of time are nearly 100%. The concordance rate
in twins is lower in cases of ALL with the ETV6-
RUNX1 fusion or T-cell phenotype, probably because
of the requirement for additional genetic events for
leukemic transformation [1].

A small proportion of patients (< 5%) have heredi-
tary genetic abnormalities that predispose to the dis-
ease, including Down syndrome, ataxia telangiectasia
and Bloom’s syndrome; children with Down syn-
drome have a 10- to 30-fold higher risk of developing
ALL [1]. It was recently shown that germline single
nucleotide polymorphisms in the ARID5B and IKZF1
genes are more frequent in children with hyperdiploid
B-lineage ALL, suggesting that these germline variants
affect the propensity to develop ALL [3,4].

Acquired genetic changes that are likely to con-
tribute to the development of ALL include the dysre-

gulation of genes encoding transcription factors and
signaling molecules, resulting in a subversion of hem-
atopoietic cell homeostasis [1]. Cooperating lesions in
genes encoding key regulators of lymphoid-cell differ-
entiation may also play an important role. For exam-
ple, deletions and translocations involving the PAX5
gene have been recently described in approximately
one-third of cases of childhood and adult B-lineage
ALL [5,6], with alterations in other genes involved in
B-cell development, i.e. TCF3, EBF, LEF1, Ikaros
(IKZF1) and Aiolos, detected in a lower number of
cases [5]. Alterations of these genes would be predicted
to block or delay normal B-progenitor cell differentia-
tion, thus contributing to leukemogenesis.

General laboratory features at presentation
The clinical and general laboratory features of ALL at
presentation usually reflect the degree of bone marrow
(BM) replacement and the extent of extramedullary
dissemination of leukemic cells. Blood examination
typically reveals anemia, neutropenia and thrombocy-
topenia. Hemoglobin is commonly < 8 g/dL. Initial
leukocyte counts may range from 0.1 to 1500 × 109/L.
Most patients have circulating leukemic blast cells but in
cases with low initial counts (< 2 × 109/L) lymphoblasts
may be absent in blood smears. Hypereosinophilia may
be present but is rare.

The differential diagnosis of ALL includes other
leukemias, as well as viral infections such as infectious
mononucleosis. In the latter cases, detection of atyp-
ical lymphocytes or elevated viral titers aid in the
diagnosis. Patients with pertussis or parapertussis
may have marked lymphocytosis, but the affected
cells are mature lymphocytes rather than lympho-
blasts. Childhood ALL should also be distinguished
from pediatric small round cell tumors that involve
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the bone marrow, including neuroblastoma, rhabdo-
myosarcoma and retinoblastoma. Generally, in such
cases, a primary lesion can be found by routine diag-
nostic studies, and disseminated tumor cells often
form clumps. Besides morphological differences,
immunophenotyping is required to conclusively dis-
tinguish ALL from activated lymphocytes and solid
tumor cells (see below).

Investigations to make the diagnosis
and determine prognosis

General principles
Modern diagnosis of leukemia relies on a multi-
disciplinary approach involving morphology, cyto-
chemistry, immunophenotyping, cytogenetics and
molecular genetics. The first step in the laboratory
diagnosis of ALL is the morphological analysis of
bone marrow smears stained with Wright-Giemsa or
May–Grünwald Giemsa stains, and cytochemical
stains. If there is significant bone marrow fibrosis
(in children, more likely to occur among those with
B-lineage hyperdiploid ALL) it may be difficult to
obtain an adequate bone marrow aspirate, and a
bone marrow trephine biopsy may be required to
establish the diagnosis. Although these procedures
may be sufficient to distinguish ALL from non-
lymphoid leukemias, they do not provide any defini-
tive determination of the cellular and biologic subtype
of ALL.

Immunophenotyping not only allows a definitive
diagnosis of ALL but can also distinguish leukemias
of B- and T-cell origin, establish the stage of matura-
tion of the leukemic cell population, and identify
markers that can be used to monitor the presence of
minimal residual disease (MRD) during treatment.
With current therapies, immunophenotyping pro-
vides somewhat limited prognostic information in
ALL. Nevertheless, the distinction between B- and
T-lineage leukemia is widely used for risk assignment,
and the discrimination between B-lineage ALL from
B-cell progenitor ALL is used to select between sub-
stantially different chemotherapy regimens [1]. More
recently, it was shown that patients with early T-cell
precursor (ETP) ALL, which can be identified by
immunophenotyping, respond extremely poorly to
chemotherapy and require alternative treatment
strategies [7]. The extent of the immunophenotypic
panels to be used at diagnosis depends on the intent

of the analysis. If this is simply to establish the diag-
nosis of ALL and identify the presenting features that
are prognostically important with current therapy
then a relatively small panel of antibodies, such as
those shown in Figure 7.1, is sufficient. A two-step
procedure involving screening with the most lineage-
specific antibodies, followed by other markers selected
according to the results of the first screening, is partic-
ularly effective although it might be difficult to fit into
the routine schedule of a laboratory that processes
many samples daily.

Genetic abnormalities are strongly associated with
response to therapy in B-lineage ALL (Table 7.1); their
identification is critical for optimal risk-classification.
For example, the t(9;22)(q34;q11) translocation and
the corresponding BCR-ABL1 gene fusion are asso-
ciated with unfavorable treatment response in both
children and adults with ALL [1,8]. Conversely, the
ETV6-RUNX1 abnormality and hyperdiploidy (>50
chromosomes) are associated with a favorable treat-
ment response in children with ALL [1,9]. Therefore,

Figure 7.1. Minimum panel of markers for the immunophenotypic
classification of ALL. The markers listed in the upper part of the figure
discriminate between the main subtypes of acute leukemia in the
vast majority of cases. A second set of markers (bottom) can then be
tested according to the results of the initial screening. Note that
CD79a is weakly expressed in approximately one-third of T-lineage
ALL cases, a proportion of ALL cases expresses CD13 and/or CD33,
and some AML cases express CD7 and/or CD19. In a small proportion
of cases (< 10%) results may be equivocal after the first screening. The
second set of markers should elucidate the diagnosis in virtually all of
these cases.
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risk assignment can be considerably refined by deter-
mining the presence of these abnormalities. While
conventional cytogenetic techniques can detect all
major translocations found in ALL as well as deter-
mine ploidy status, some abnormalities such as ETV6-
RUNX1 are generally undetectable by conventional
cytogenetics and require fluorescence in situ hybrid-
ization (FISH) or molecular analysis [10].

In principle, it is possible to distinguish genetic
subtypes of ALL by their immunophenotype
(Table 7.1) [11]. For example, ALL with rearrange-
ments of the MLL gene usually have a very distinct
marker profile. In general, however, immunopheno-
typic recognition of genetic subtype is not sufficiently
reliable to be used for treatment stratification. DNA
index (DI) analysis by flow cytometry, however, can
determine changes in ploidy with a high degree of
accuracy and this approach is often used instead of
cytogenetics to classify high hyperdiploidy (DI ≥1.16)
ALL, a feature associated with favorable treatment
response. An exciting recent advance is the develop-
ment of assays that allow the direct detection of fusion
transcripts in leukemic cells by using flow cytometry.
The assay that is currently commercially available
detects BCR-ABL1 and its reliability has been convinc-
ingly demonstrated [12]. Assays to detect other abnor-
malities should be available soon.

Below is a summary of the major subtypes of ALL
that can be distinguished by various techniques and
their main features. The classification and nomencla-
ture used for ALL in the 2008 revision of the WHO
Classification of Hematopoietic and Lymphoid Tissues
is shown in Table 7.2 [13].

Table 7.1. Main recurrent genetic abnormalities in B-lineage ALL and their relation to immunophenotypic features and prognosis.

Cytogenetics/
FISH abnormality

Molecular
abnormality

Prevalence Characteristic
immunophenotype

Prognosis

Children Adults

t(9;22)(q34;q11) BCR-ABL1 3% 25% None Unfavorable

t(4;11)(q21;q23)
t(11;19)(q23;q13.3)

MLL-AFF1
MLL-ELL

8% 10% CD10−, NG2+, CD15+, CD65+ Unfavorable in infants

t(12;21)(p13;q22) ETV6-RUNX1 22% 2% Frequently CD13+ and/or CD33+ Favorable

Hyperdiploidy 51–65
chromosomes

25% 7% CD45 dim Favorable

Hypodiploidy < 45
chromosomes

1% 2% None Unfavorable

t(1;19)(q23;p13.3) TCF3-PBX1 5% 3% Cytoplasmic μ+ Favorable

t(X;14)(p22;q32) or
t(Y;14)(p11;q32)
del(X)(p22.33p22.33)
or del(Y)(p11.32p11.32)

IGH-CRLF2
CRLF2 deletions

5% None

IKZF1 deletions
or mutations

15% None Unfavorable

Table 7.2. WHO classification of acute lymphoblastic leukemia.

B lymphoblastic leukemia

B lymphoblastic leukemia, NOS

B lymphoblastic leukemia with recurrent genetic abnormalities

B lymphoblastic leukemia with t(9;22)(q34;q11.2); BCR-ABL1

B lymphoblastic leukemia with t(v;11q23); MLL rearranged

B lymphoblastic leukemia with t(12;21)(p13;q22); TEL-AML1 (ETV6-
RUNX1)

B lymphoblastic leukemia with hyperdiploidy

B lymphoblastic leukemia with hypodiploidy

B lymphoblastic leukemia with t(5;14)(q31;q32); IL3-IGH

B lymphoblastic leukemia with t(1;19)(q23;p13.3); TCF3-PBX1

T lymphoblastic leukemia
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Morphology and cytochemistry
The French–American–British (FAB) classification
distinguished three morphological subtypes of ALL
(L1, L2 and L3) (Figure 7.2). ALL L1 cells are relatively
small (they can be as small as a mature lymphocyte),
with scanty cytoplasm, a round or slightly indented
nucleus, fine or slightly coarse chromatin, and incon-
spicuous nucleoli. In some cases (ALL L2), the leuke-
mic cell population is morphologically heterogeneous,
with smaller blasts admixed with larger lymphoblasts,
with prominent nucleoli. Cytoplasmic granules can
be seen in some cases and are usually amphophilic
(of fuchsia color), in contrast to primary myeloid
granules (of deep purple color), corresponding to
mitochondria. B ALL blasts are usually distinct from
early pre-B ALL and T ALL blasts and are character-
ized by intensely basophilic cytoplasm, prominent
nucleoli and cytoplasmic vacuolation (ALL L3). This
terminology for blast cell morphology is no longer
applied in the WHO classification.

Analysis of cell morphology is not sufficient
to differentiate ALL and acute myeloid leukemia
with certainty. Cytochemical stains that can aid this
distinction, but are now rarely used, include Sudan
black, myeloperoxidase and non-specific esterases
(e.g. α-naphthyl butyrate and α-naphthyl acetate ester-
ase); these generally do not stain ALL blasts.
The presence of residual normal myeloid precursors
may result in a low percentage of myeloperoxidase-
positive cells, which should not be confused with
ALL cells.

Bone marrow trephine biopsies are only essential
when the aspirate yields a “dry tap.” However, a tre-
phine is commonly taken in other circumstances. The
marrow is diffusely infiltrated by a relatively homoge-
neous population of blast cells which are of small to
intermediate size with a high nuclear:cytoplasmic ratio
and fine chromatin (Figure 7.3). Nucleoli are com-
monly present but may be inconspicuous. Mitotic
figures are commonly seen. Immunocytochemistry
can be performed on the trephine section for CD3,
CD7, CD10, CD34, CD79a and TdT (Figure 7.3). The
distinction from acute myeloid leukemia can be made
based on the absence of myeloperoxidase.

Central nervous system leukemia
Leukemic blast cells are identified at diagnosis in the
cerebrospinal fluid (CSF) of approximately one third
of children and 5–10% of adults with ALL, most of
whom have no neurological symptoms. Although cen-
tral nervous system (CNS) leukemia is defined by the
presence of at least five leukocytes per μL of CSF and
the detection of leukemic blast cells (Figure 7.4), or
cranial nerve palsy (Table 7.3), the presence of any
leukemic cells in the CSF (even from introduction
due to a traumatic lumbar puncture) predicts an
increased risk of relapse in children with ALL. In
cases with borderline CSF leukocyte counts and/or
uncertain morphological findings, additional tests
may be necessary. Molecular genetic studies to detect
specific gene fusions or antigen receptor gene re-
arrangements could be helpful but are not routinely
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Figure 7.2. Morphological features of ALL cells. Shown are examples according to the FAB classification. Bone marrow smears were
stained with Wright–Giemsa (images courtesy of Dr. Mihaela Onciu, St. Jude Children’s Research Hospital, Memphis, TN).
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Figure 7.3. Bone marrow trephine of B-lineage ALL.
a. Hematoxylin and eosin (H&E) stained section showing the diffuse infiltrate of monomorphic blast cells.
b. Higher power view showing the cytological details and some pleomorphism of nuclear shape and the indistinct nucleoli.
c. The blast cells are CD34-positive, (d) CD10-positive, (e) CD79a-positive and (f) TdT-positive (immunoperoxidase and DAB substrate).
Images courtesy of Dr. Wendy Erber, Addenbrooke’s Hospital, Cambridge, UK.
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performed. Flow cytometric analysis can also be infor-
mative but requires a substantial number of cells.
Staining cytocentrifuge preparations with antibodies
to terminal deoxynucleotidyl transferase (TdT) and
observation by fluorescence microscopy is probably
the most widely applicable method to clarify suspect
CSF findings, although the method is tedious and
time-consuming (Figure 7.4).

Immunophenotyping
B-lineage ALL
B-lineage ALL cells at any stage of maturation express
CD19 antigen and, in almost all cases, have cytoplas-
mic CD22 and CD79α. CD22 is prominent in the
cytoplasm among the most immature cases [11].

Antigen expression can also be used to subtype cases,
based on phenotypic differentiation (see Figure 2.1),
into early pre-B ALL, pre-B ALL and B-cell ALL.

Early pre-B ALL cases also express CD10 and TdT
(approximately 90% of cases), and CD34 (more than
75% of cases). Early pre-B ALL cells lack expression of
surface and cytoplasmic immunoglobulins [11]. CD20 is
present in one-half of cases and its intensity can increase
during treatment [14]. ALL cases with rearrangement of
theMLL gene typically have an early pre-B ALL pheno-
type with distinctive phenotypic features such as expres-
sion of CD15, CD65 and chondroitin proteoglycan
sulfate (NG2), and absence of CD10. Hyperdiploidy
(chromosome number > 50) is typically associated with
weak or undetectable CD45 expression [11].

Pre-B ALL is defined by the presence of cytoplas-
mic immunoglobulin μ heavy chains in the lympho-
blasts with no detectable surface immunoglobulins; in
rare cases leukemic cells express both cytoplasmic and
surface immunoglobulin μ heavy chains without κ or λ
light chains [11]. Pre-B ALL cells usually express CD10
and TdT, with approximately two-thirds of cases also
expressing CD34; CD20 expression is variable. The
t(1;19)(q23;p13) or the der(19)t(1;19)(q23;p13) genetic
abnormalities are found in 20–25% of pre-B ALL cases.

B-cell ALL is characterized by the expression of sur-
face immunoglobulin μ heavy chains plus either κ or λ
light chains [11]. Commonly, cells have L3 morphology
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Figure 7.4. CNS leukemia.
a. Cytocentrifuge preparation of cerebrospinal fluid (CSF) from a patient with ALL stained with Wright–Giemsa showing ALL blasts (image
courtesy of Dr. Mihaela Onciu, St. Jude Children’s Research Hospital, Memphis, TN).

b. Cytocentrifuge preparation of CSF from another patient with ALL stained with anti-TdT (red; tetramethylrhodamine) and anti-CD3 (green;
fluorescein isothiocyanate) antibodies. TdT-positive ALL blasts (arrows) are admixed with normal T-cells.

c. The same microscopic field as in b viewed by phase contrast microscopy; arrows point to the TdT-positive blasts.

Table 7.3. CNS status classification.

Status Leukocytes (per µL) Lymphoblasts

CNS1 <5 No

CNS2 <5 Yes

CNS3* ≥5 Yes

* Presence of cranial nerve palsies indicates CNS3 even with < 5
leukocytes per L and/or absent lymphoblasts.
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(according to the FAB classification), express CD20, and
frequently CD10; CD34 is negative. An uncommon sub-
type of B-cell ALL is characterized by blast cells with
L1 or L2 morphology, and expression of TdT and/or
CD34.

T-lineage ALL
T-lineage ALL cells express CD7 and CD3 antigens,
the latter most frequently only in the cytoplasm [11].
Other markers commonly expressed include CD2,
CD5 and TdT; CD1a, surface CD3, CD4 and CD8
are detected in approximately 40% of cases. HLA-DR
expression is uncommon, and 40–45% of cases are
CD10+ and/or CD21+. CD79α is weakly expressed in
approximately one third of cases.

T-lineage ALL can be divided into three stages of
immunophenotypic differentiation reflecting normal
stages of thymic differentiation (see Figure 2.2): early
(CD7+, cCD3+, surface CD3−, CD4− and CD8−),
mid or common (cCD3+, surface CD3−, CD4+, CD8+

and CD1a+), and late (surface CD3+, CD1a− and
either CD4+ or CD8+) [11]. However, many cases

have immunophenotypic patterns that do not fit
these thymic maturation stages. T-cell receptor
(TCR) proteins are heterogeneously expressed in
T-lineage ALL. In approximately two-thirds of cases,
membrane CD3 and TCR proteins are absent. In
half of these cases, however, TCR proteins (TCRβ,
TCRα or both) are present within the cytoplasm.
Most cases with membrane CD3 and TCR chains
express the TCRαβ, whereas a minority express
TCRγδ proteins.

A subtype of T-ALL, named ETP-ALL, with the
gene expression profile of normal early T-cell pre-
cursor cells, has recently been identified [7]. This
leukemia is derived from a population of recent
immigrants from the bone marrow to the thymus
and which retain multi-lineage differentiation poten-
tial [7]. These leukemias are CD7- and CD3-positive
(mostly only in the cytoplasm), lack CD1a and CD8
expression, have weak or absent CD5 expression and
express at least one stem cell or myeloid-associated
antigen (e.g. CD34, CD117, CD13, CD33, CD11b)
(Figure 7.5). These cases are characterized by a

Figure 7.5. Immunophenotypic differences between T-ALL and ETP-ALL. Diagnostic bonemarrow samples from a patient with T-ALL (top row)
and two patients with ETP-ALL (middle and bottom rows) were analyzed by flow cytometry. Biexponential dot plots are shown.
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dismal response to therapy and a high rate of
relapse [7].

Cytogenetics and molecular genetics
ALL with BCR-ABL1
The t(9;22)(q34;q11.2) fuses the 50 portion of BCR to
the 30 portion of ABL1 [1,10]. In ALL, breaks tend to
occur in the minor breakpoint cluster regions, form-
ing a 190 kDa BCR-ABL1. This alteration results in a
constitutively active ABL tyrosine kinase that induces
aberrant signaling and activates multiple cellular path-
ways. Expression of the BCR-ABL1 chimeric protein
results in malignant transformation of hematopoietic
cells and causes leukemia in murine experimental sys-
tems. Genome-wide analysis of BCR-ABL1 ALL sam-
ples revealed deletions of Ikaros (IKZF1) in 84% of
cases [15]. Deletions of IKZF1 were not found in
chronic phase chronic myelogenous leukemia (CML)
samples but appeared to be acquired at the time of
transformation into lymphoid blast crisis. BCR-ABL1
ALL has a poor prognosis with standard chemo-
therapy [1,8]. The development of the tyrosine kinase
inhibitor imatinib mesylate and second-generation inhi-
bitors such as nilotinib and dasatinib has dramatically
changed clinical management of BCR-ABL1 leukemias
and substantially improved treatment response [16].

ALL with MLL gene rearrangements
Structural alterations involving band 11q23 of chro-
mosome 11 are the most frequent cytogenetic abnor-
mality in infant ALL [1,10]. In most cases, the target
is the MLL gene (for Mixed-Lineage Leukemia; also
known as HRX, ALL-1 and TRX1) which encodes a
DNA-binding protein that regulates the expression
of many genes crucial for hematopoiesis including
multiple HOX genes [1,10] (Figure 7.6). The most
common 11q23 abnormality in ALL is the t(4;11)
(q21;q23), which produces a chimeric protein that
contains the N-terminal portion of MLL linked to
the C-terminal portion of AFF1. However, MLL can
also associate with more than 50 other genes in less
common translocations [17]. Several genes normally
expressed in non-lymphoid hematopoietic lineages
are over-expressed in MLL-rearranged ALL, includ-
ing FLT3, LMO2 and HOX genes, such as HOXA9,
HOXA5, HOXA4 and HOXC6 [1,10]. Treatment
outcome of childhood ALL with an MLL gene
rearrangement differs by age group with infants
having the worst outcome [18].

ALL with TEL-AML1 (ETV6-RUNX1)
The t(12;21)(p13;q22) translocation brings together
the 50 portion of the TEL (ETV6) gene and the nearly
complete AML1 (RUNX1) gene [1,10]. This transloca-
tion can usually be detected only by FISH (Figure 7.6b)
or reverse-transcriptase polymerase chain reaction
(RT-PCR). The non-translocated ETV6 allele is fre-
quently deleted. The ETV6 gene belongs to the Ets
family of transcription factors and appears to have
an essential role in hematopoiesis. RUNX1 encodes a
transcription factor that binds DNA as a heterodimer
with core binding factor (CBF) β and is essential
for the development of definitive hematopoiesis.
Experimental evidence suggests that TEL-AML1
endows preleukemic cells with altered self-renewal
and survival properties, which have a higher risk of
evolving into leukemia-initiating cells [2]. In most
studies, childhood ALL with TEL-AML1 was associ-
ated with excellent response to therapy [9].

Hyperdiploid and hypodiploid ALL
Leukemic lymphoblasts with a chromosome number
of 51–65 (Figure 7.6c) have a marked propensity to
undergo apoptosis, and accumulate greater quantities
of methotrexate and its active polyglutamate metabo-
lites [1]. These features help to explain the relatively
low leukemic burden at presentation and the favorable
prognosis of this ALL subtype. Among chromosomes
that are overrepresented, only the trisomies of chro-
mosome 4, 10 and 17 have been shown to be associated
with a favorable prognosis in some studies [19]. There
is no association between treatment response and
hyperdiploidy with 47–50 chromosomes or near-
triploidy (69–81 chromosomes), which frequently
also have the ETV6-RUNX1 abnormality [1]. Cases
with near-tetraploidy (82–94 chromosomes) are more
frequently of T-cell immunophenotype. Hypodiploidy
(< 45 chromosomes) occurs in < 2% of ALL cases and is
associated with a poor outcome, which is worse in cases
with < 44 chromosomes [20].

ALL with E2A-PBX1 (TCF3-PBX1)
The t(1;19)(q23;p13) translocation juxtaposes the
E2A (TCF3) gene on chromosome 19 and the
PBX1 gene on chromosome 1 (Figure 7.6d). The
resulting E2A-PBX1 fusion protein contains the tran-
scriptional activation domains of E2A linked to the
DNA-binding domain of PBX1 and the encoded pro-
tein inappropriately activates the transcription of
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genes normally regulated by PBX1 [1,10]. Another
E2A fusion gene is created by the t(17;19)(q22;q13),
in which E2A is fused to the gene that encodes
the transcription factor hepatic leukemia factor
(HLF). The t(1;19)(q23;p13) abnormality was previ-
ously reported to be associated with unfavorable
outcome in studies; however, with current therapy
this leukemia subtype has an excellent treatment
response although they still have increased risk of
CNS relapses [21].

Novel subtypes of B-lineage ALL identified
by genome-wide screens
Microarray methods for measuring gene expression
can identify profiles that distinguish cases with the

abovementioned genetic abnormalities as well as
other novel subtypes. To this end, a subset of
ALL, identified by hierarchical cluster analysis of
gene expression data, comprised many cases that
clustered with BCR-ABL1-positive cases and had
an unfavorable outcome [22]. The majority of
cases with BCR-ABL1-like disease also had deletions
in genes involved in B-cell development such as
PAX5 and IKZF1. Another study using single
nucleotide polymorphism arrays showed that
IKZF1 deletions and mutations were associated
with a BCR-ABL1-like gene expression profile and
strongly predicted poor response to chemotherapy
and relapse [23]. Genomic re-sequencing of JAK1
and JAK2 in 187 cases of B-lineage ALL classified as
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Figure 7.6. Cytogenetic abnormalities in ALL.
a. Interphase FISH showing the rearrangement of the MLL gene using a breakapart probe (Abbott/Vysis); the top nucleus is normal and has two
MLL signals, the bottom nucleus is abnormal and the arrows show the split signals.

b. Metaphase FISH showing the t(12;21)(p13;q22) using the ETV6-RUNX1 extra-signal probe (Abbot/Vysis); the ETV6 native signal is deleted.
c. Hyperdiploid 51+ ALL; arrows point to trisomy of chromosomes 4, 8, 10, 18 and X, and tetrasomy of chromosomes 14 and 21.
d. t(1;19)(q23;p13.3) translocation with arrows showing the derivative chromosomes 1 and 19, and isochromosome 7q.
Illustrations courtesy of Dr. Susana C. Raimondi, St Jude Children’s Research Hospital, Memphis, TN.
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“high-risk” by clinical criteria and lack of favorable
genetic abnormalities, identified 19 with hetero-
zygous, somatic mutations which resulted in con-
stitutive activation of the JAK-STAT signaling
pathway; most of these cases also had IKZF1 alter-
ations [24].

Genetic subtypes of T-lineage ALL
Several genes in T-ALL, such as SCL (TAL-1), LMO1
(TTG-1), LMO2 (TTG-2), HOX11 (TLX1) and
HOX11L2 (TLX3), are dysregulated by translocation
to the TCR locus resulting in overexpression [1,10].
LMO1 is inserted into the TCRαδ locus in the
t(11;14)(p15;q11), while LMO2 is inserted into this
locus in the t(11;14)(p13;q11). In a small fraction of
cases, the SCL gene (involved in early hematopoiesis
and located on chromosome 1) is inserted into the
TCRδ locus on chromosome 14. More frequent
(approximately 25% of cases) is the internal deletion
in the 50 untranslated region of SCL, which juxtapo-
ses a locus called SIL with the SCL coding region,
resulting in the expression of a fused SIL-SCL tran-
script that encodes a normal SCL protein. An addi-
tional alteration found in more than 50% of T-cell
ALL cases is the deletion from chromosome 9p21of
the INK4b-ARF-INK4a locus, which encode the
p16INK4a, p15INK4b and p19ARF, regulators of cell
cycle and apoptosis.

Levels of HOX11, TAL1 and LYL1 mRNA expres-
sion have been used to recognize distinct subtypes of
T-ALL [25,26]. Activating mutations of NOTCH1 are
frequently found in T-ALL and have been implicated
in its pathogenesis [27]. Although there has been
some discussion on their prognostic significance,
most studies showed either a favorable or no prog-
nostic impact [28]. Adult patients whose cells have
low ERG and BAALC gene expression reportedly have
a better outcome [29]. Among childhood cases, those
bearing the gene expression profile of ETP have a
dismal outcome [7]. The prevalence of this subset in
adults is unclear.

Studies at diagnosis to identify
markers for disease monitoring

Immunophenotyping
ALL cells express immunophenotypic features that
distinguish them from normal hematopoietic cells,
including hematogones [30]. The most widely

applicable leukemia-associated immunophenotypes
are constituted by markers expressed during normal
lympho-hematopoiesis but found in abnormal combi-
nations in leukemic cells; these phenotypes have been
termed “aberrant” or “asynchronous.” In cases of
T-lineage ALL, residual disease can be monitored by
tracking cells expressing markers, such as nuclear TdT
in combination with T-cell antigens; this combination
is only expressed by normal thymocytes and not
peripheral blood or bonemarrow cells. Finally, expres-
sion of fusion proteins derived from chromosomal
breakpoints, such as BCR-ABL1, ETV6-RUNX1 or
TCF3-PBX1, and ectopic expression of proteins pro-
moted by gene translocations, such as expression of
PBX1 in lymphoblasts (PBX1 is normally confined to
non-lymphoid cells), could potentially be used to iden-
tify residual ALL cells. However this approach has not
been extensively explored due to the lack of suitable
antibodies for reliable flow cytometric analysis.

Leukemia-associated markers for MRD studies
can be identified at diagnosis in virtually all patients
with ALL (Table 7.4) [30]. Immunophenotypes suffi-
ciently dissimilar from those of normal cells are
expressed by the majority of cells in approximately
95% of cases. This therefore allows a sensitivity of
0.01% for MRD detection. Obviously, the identifica-
tion of such markers requires the testing of large
panels of antibodies, well beyond those required for
initial classification of the leukemia for diagnostic
purposes. We therefore use a two-stage approach to
establish the immunophenotypic signature that will
be used for MRD studies in follow-up samples in
B-lineage ALL. The first stage involves screening
markers potentially over- and under-expressed by
combining the individual antibodies with CD19.
After the aberrantly expressed markers have been
identified, the second stage consists of re-staining
cells with the selected markers in 4–8 color combina-
tions; this includes markers such as CD19, CD10,
CD34 and TdT to produce a cell profile characteristic
of the leukemic clone. This cell profile will then be
used to identify leukemic cells during treatment.

To be reliable the immunophenotypes used to dis-
tinguish leukemic cells from normal cells must be truly
leukemia-specific. While some immunophenotypes
are apparently restricted to leukemic cells when com-
pared with results obtained in bone marrow samples
from healthy adult donors, it is evident that they are
not when one examines bone marrow samples prolif-
erating after chemotherapy.
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Molecular genetics
Molecular markers to track ALL cells during treatment
can be identified at diagnosis in the majority of cases.
Gene fusions, such as BCR-ABL1, MLL-AFF1, TCF3-
PBX1 and ETV6-RUNX1, resulting in the expression of
aberrant mRNA transcripts, are convenient markers
for this purpose [31]. Recurrent abnormalities suitable
for routine studies in clinical samples are present in
approximately 40% of children and 50% of adults with
ALL. It is likely that additional genetic targets will
become available with the discovery of new genetic
abnormalities afforded by the application of whole-
genome screening technologies.

The second group of PCR targets for MRD studies
in ALL is represented by the clonal rearrangement of
immunoglobulin (IG) and T-cell receptor (TCR) genes
whose junctional regions are unique to the leukemic
clone [32]. The presence of clonal IG and/or TCR gene
rearrangements at diagnosis is screened by using PCR
primers matched to the V and J regions of various IG
and TCR genes. If an apparently clonal rearrangement
is found, one must ensure that it is derived from ALL
cells and not from normal cells by analyzing the PCR
product for their clonal origin, e.g. by heteroduplex

analysis (Figure 7.7a). The ALL-derived PCR products
are then used for direct sequencing of the junctional
regions of the IG/TCR gene rearrangements which, in
turn, is used to design junctional region-specific oli-
gonucleotides, also called allele-specific oligonucleo-
tides. Clonal IG/TCR gene rearrangements can also
be detected with high-resolution electrophoresis sys-
tems, such as radioactive fingerprinting or fluorescent
gene scanning, without the need for patient-specific
oligonucleotides, but this approach has a considerably
lower sensitivity, usually not better than 0.1% [32].

The majority (>95%) of B-lineage ALL cases
have IG gene rearrangements. Cross-lineage TCR
gene rearrangements also occur in up to 90% of cases
of B-lineage ALL. TCR genes are rearranged in most
cases of T-lineage ALL with cross-lineage IG gene
rearrangements occurring in approximately 20%
of T-ALL. Of note, infant MLL-AFF1 ALL has a high
prevalence of immature, non-productive and/or oligo-
clonal antigen-receptor gene rearrangements [32].

Monitoring treatment response
and disease progression

General principles
Examination of bone marrow smears is performed
periodically during treatment to determine the
degree of treatment response and detect leukemia
relapse. However, the sensitivity and accuracy of
this test is limited because the morphology of ALL
cells can be virtually indistinguishable from that of
lymphoid precursors (hematogones) and activated
mature lymphocytes. The distinction between leuke-
mic and normal cells becomes particularly challeng-
ing when bone marrow lympho-hematopoiesis is
recovering after chemotherapy or transplantation,
with hematogones representing 5% or more of the
total cellular population.

Precision in determining the degree of early treat-
ment response is important to predict the risk of
relapse and therefore inform therapeutic decisions
[30]. Efforts to develop assays for detecting MRD,
i.e. leukemia undetectable by morphology, evolved
from the identification of unique features of ALL
cells and development of robust detection methods,
to the determination of the clinical significance of
MRD. This has culminated in the incorporation of
MRD testing in clinical trials. MRD reflects the influ-
ence of multiple variables on treatment response,

Table 7.4. Marker combinations used tomonitor minimal residual
disease (MRD) at St Jude Children’s Research Hospital.

ALL subtype Marker combinations Frequency
(%)*

T-lineage
ALL

anti-TdT / CD5 / CD3
CD34 / CD5 / CD3

90
30

B-lineage
ALL

CD10+ cases CD19 / CD34 / CD10 / CD58
CD19 / CD34 / CD10 / CD38
CD19 / CD34 / CD10 / CD45
CD19 / CD34 / CD10 / anti-TdT
CD19 / CD34 / CD10 / CD13
CD19 / CD34 / CD10 / CD66c
CD19 / CD34 / CD10 / CD33

37
54
30
21
5

15
3

CD10− cases CD19 / CD34 / CD10 / CD15
CD19 / CD34 / CD133 / CD10
CD19 / CD34 / NG-2 / CD10

48
33
35

* Percentage of cases within a leukemia subtype in which the
marker combination indicated was used to monitor MRD with a
sensitivity of 10−4. Data are from a group of 470 pediatric patients
with newly diagnosed ALL (T-lineage ALL, 56; B-lineage ALL CD10+,
391; B-lineage ALL CD10−, 23).
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including clinical features, pharmacogenomic and
pharmacokinetic variables, and cellular and genetic
leukemia characteristics. Not surprisingly, treatment
response measured by MRD assays is currently the
strongest prognostic factor for patients with ALL.

Practical considerations for minimal
residual disease studies
The main features of currently available MRD assays
are summarized in Table 7.5.

Flow cytometry
Minimal residual disease detection by flow cytometry
is becoming increasingly used for risk assignment in
patients with ALL. It must be stressed, however, that
simple availability of a flow cytometer and experience
in leukemia immunophenotyping is not sufficient to
perform MRD studies proficiently. This is because

MRD testing requires a solid knowledge of the immu-
nophenotype of bone marrow cells under different
conditions, including suppression during chemo-
therapy, and regeneration after cessation of chemo-
therapy or post-transplant. Chemotherapy might
decrease the expression of some markers, and the
recovery phase may dramatically increase the per-
centage of immature lymphoid cells. Bone marrow
samples collected in these circumstances may appear
very different from that of healthy adult donors and
the differences could mask the presence of residual
leukemia, or be confused with residual leukemia.

The sensitivity of flow cytometry depends on the
robustness of the set of leukemia-associated immu-
nophenotypes and on the number of cells acquired.
As explained above, the best leukemia-associated
immunophenotypes should be selected at diagnosis.
During MRD testing, it is important to acquire suffi-
cient cells to achieve a high sensitivity of detection [30].

a b

Figure 7.7. Antigen receptor gene
rearrangement studies.
a. Heteroduplex analysis of IGH (FR2B-JHU) and
TCRD (Vdelta2-N-Ddelta3) gene
rearrangements in bone marrow
mononuclear cells of B-lineage ALL. DNA was
analyzed under denaturing (d) or non-
denaturing conditions (n) and DNA from the
peripheral blood of four healthy donors (PB)
was used as control. In the ALL samples clonal
bands are visible irrespective of denaturation.

b. MRD monitoring in two patients with B-
lineage ALL using real-time quantitative PCR
and IGH genes as targets. Gray lines
correspond to signals obtained with serial
dilutions of diagnostic DNA in DNA from
peripheral blood of healthy donors. The black
lines correspond to the signal obtained in the
follow-up sample. MRD-positive (0.3%; top) and
MRD-negative (< 0.001%; bottom) are shown;
in both cases, the primers were a patient-
specific primer combined with a JH4 primer.
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Thus, if a sensitivity of 1 leukemic cell in 10 000 is
desired, one must acquire at least 100 000 mononuclear
cells so that at least 10 leukemic “events” are present.
Currently, reliable leukemia-associated immunopheno-
types that afford a sensitivity of 1 in 10 000 can
be identified in > 95% of patients with ALL [30].
Specific advantages of flow cytometry include:

1. The capacity to analyze the status of normal
hematopoietic cells while searching for MRD.

2. The identification of markers that can be used
to sort leukemic cells for biological and genetic
studies.

3. The ability (afforded by modern 8-plus color flow
cytometers) to analyze multiple biological features
of ALL cells while detecting MRD.

In our laboratory, we typically require 2 mL of
bonemarrow forMRDstudies andpreparemononuclear
cell preparations. These generate cleaner flow cytometry
plots which facilitate analysis. The mononuclear
cell preparations can also be used for PCR studies.
Other investigators, however, have reported informative
results by flow cytometry after red cell lysis separation.

Molecular genetics
A strong suit of PCR amplification of fusion tran-
scripts is the stable association between the molecular
abnormality and the leukemic clone, irrespective of
changes caused by therapy or clonal selection [31]. In
addition, positive MRD-findings may indicate the
presence of pre-leukemic or “stem” cells, which could
be undetectable by other methods. However, an
important disadvantage of PCR monitoring is that
the estimate of the percentage of leukemic cells present
may be imprecise. This is because the amount of

transcripts per leukemic cell may vary from patient
to patient with the same genetic subtype of ALL,
and can be affected by chemotherapy and sample
integrity [31].

PCR amplification of antigen-receptor genes is a
very reliable and accurate method for monitoring
MRD and can be used in the majority of cases of
childhood and adult ALL [32]. Because rearranged
IG and TCR genes are present in one copy per cell, a
precise quantitation of MRD can be achieved parti-
cularly by using limiting-dilution methods or real-
time PCR (Figure 7.7b). IG and TCR genes in ALL
might undergo continuing or secondary rearrange-
ments, resulting in oligoclonality, i.e. the presence of
sub-clones having distinct clonal IG/TCR gene re-
arrangements [32]. Minor clones, undetected at diag-
nosis, may become predominant during the course of
the disease, leading to the recommendation of target-
ing two or more different rearrangements. Indeed,
multiple targets are identifiable in the majority of
ALL cases; however multiple targets that allow detec-
tion ofMRDwith a high sensitivity (e.g. 0.01%) are not
identifiable in approximately 30% of cases [33].
Nevertheless, it is unclear to what extent clonal evolu-
tion impacts the reliability of MRD detection, partic-
ularly at early stages of treatment.

Flow cytometry versus molecular genetics: which
test to perform?
When applied in parallel to study MRD in the same
samples, flow cytometry and PCR amplification of
IG/TCR genes yield remarkably similar measure-
ments, if MRD is present at a ≥ 0.01% level [30].
Flow cytometry results can be obtained within a few
hours of sample collection. The development of a

Table 7.5. Methods for monitoring minimal residual disease (MRD) in acute lymphoblastic leukemia (ALL).

Method Percent of cases
with marker

Routine
sensitivity

Main advantages Main disadvantages

Flow cytometric
detection of abnormal
phenotypes

98% 0.01% Rapid
Precise
Allows overview of
normal hematopoiesis

Requires solid knowledge of the
immunophenotype of normal cells
for correct interpretation

PCR amplification of IG
or TCR genes

90% 0.01–0.001% Highly sensitive Preparation of patient-tailored assay
is laborious

RT-PCR amplification
fusion transcripts

<50% 0.1–0.001% Stable targets
Detection of pre-
leukemic clones

MRD estimates can be imprecise
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patient-specific PCR assay is time-consuming but, once
the assay is developed, MRD estimates can
also be obtained quite rapidly. Because of the time
required to develop a patient-specific PCR assay,
flow cytometry may be preferable for studies at
very early time points during therapy while PCR may
be preferable for studies at the end of therapy or post-
transplant because of higher sensitivity. Our current
strategy is to use flow cytometry to monitor MRD
during remission induction therapy, and develop a
PCR assay for IG/TCR genes only if a suitable immuno-
phenotype is not identified at diagnosis.

Blood versus bone marrow: which sample to use?
In patients with B-lineage ALL, MRD is usually present
at higher levels in bonemarrow than in peripheral blood.
In T-lineage ALL, however, MRD levels in peripheral
blood are similar to those in bone marrow [34].
Therefore, with T-lineage ALL it is our current practice
to use blood (5–10 mL are requested) rather than mar-
row to monitor MRD post-remission induction.

Prognostic significance of minimal residual
disease in childhood ALL
The prognostic value of MRD detected during the first
2–3 months of therapy in childhood ALL has been
demonstrated in numerous studies [30]. MRD can
also help identify

1. Patients with a higher risk of relapse among
those with specific ALL subtypes as well as
among patients with first-relapse ALL who
achieve a second remission.

2. Patients with “isolated” extramedullary relapse.
3. Patients undergoing allogeneic stem cell

transplantation [30].

A cut-off level of 0.01%, the typical limit of detection
for routine flow cytometric and molecular assays, has
been shown to discriminate patients with different
risks of relapse. For example, patients with MRD
≥0.01% in bone marrow at any treatment interval
had a significantly higher risk of relapse in earlier
St Jude studies [35], and MRD ≥0.01% on day 29 was
the strongest prognostic indicator in studies of the
Children’s Oncology Group [36]. Other investigators
(i.e. from the EORTC group, the Austrian BFM
group, and the Dana-Farber Cancer Institute ALL
Consortium) found that a cut-off level of 0.1% at
the end of remission induction and at subsequent time
points was particularly informative [37–39].

By MRD testing during the early phases of treat-
ment it is possible to identify patients with a very high
risk of relapse and are candidates for allogeneic hem-
atopoietic stem cell transplantation. For example,
MRD ≥1% at the end of remission induction therapy
was associated with an extremely high rate of relapse
in St Jude studies [35]. Investigators of the I-BFM
Study Group reported that patients whose bone mar-
row had MRD ≥0.1% on both day 33 and day 78 of
treatment had a relapse rate of 75% [33]. At the other
end of the spectrum, a group of patients show
remarkably good responses to remission induction
therapy, resulting in undetectable (<0.01%) MRD
after only 2–3 weeks of therapy [40]. We found that
183 of 402 patients (45.5%) with B-lineage ALL were
MRD <0.01% after 19 days of treatment and had an
excellent prognosis overall. A simple and economical
test was devised to detect this subgroup of patients
[41] who may be considered for reduction in treat-
ment intensity.

Genetic abnormalities in childhood ALL are
associated with a different prevalence of MRD during
remission induction therapy. In B-lineage ALL, MRD
on days 19 and 43 of treatment is much more prevalent
in those with BCR-ABL1 ALL, and less prevalent in
patients with ETV6-RUNX1, hyperdiploid (>50 chromo-
somes) and TCF3-PBX1 ALL [42]. In addition, patients
withB-lineageALL andmutations or deletions of IKZF1
are more likely to haveMRD detected during remission
induction therapy than those without this abnormality
[43]. Finally, among patients with T-lineage ALL,
those with ETP-ALL have strikingly higher levels of
MRD during remission induction therapy [7].

Prognostic significance of minimal residual
disease in adult ALL
Presence of MRD by PCR amplification of antigen-
receptor genes post-remission induction therapy
correlated with a poorer outcome in adult patients
with Philadelphia chromosome-negative B-lineage
ALL enrolled in or treated according to the UKALL
XII protocol [44]. PCR amplification of antigen-
receptor genes could recognize three risk-groups
among standard-risk patients enrolled in GMALL tri-
als from 1997 to 2002: low-risk (10%) with <0.01%
MRD on day 11 and day 24, high-risk (23%) with
MRD ≥ 0.01% until week 16, and intermediate-risk
(67%) with intermediate levels of MRD; the risk of
relapse for the three groups was 0%, 94% and 47%
respectively [45]. Conversion to MRD positivity
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post-consolidation was an adverse prognostic indica-
tor [46]. Studies using fusion transcripts and/or
IG/TCR gene rearrangements as targets indicated that
MRD at the end of consolidation was the most sig-
nificant risk factor for relapse in patients treated
according to the NILG-ALL 09/00 protocol [47].
Studies by flow cytometry indicated that in patients
with Philadelphia-negative ALL, MRD ≥ 0.1% after
remission induction therapy was an independent
predictor for relapse in the Polish Adult Leukemia
Group ALL 4–2002 study [48]. MRD measurements
prior to allogeneic hematopoietic stem cell transplant
have also been shown to predict treatment outcome
[47,49].

Feasibility of minimal residual disease testing
for routine risk classification
It is feasible to routinely test MRD for risk classifica-
tion in the majority of patients, even in multi-center
studies. For example, among 2086 patients (97.3%)
with B-lineage ALL enrolled on the Children’s
Oncology Group 9900 protocols, a flow cytometry
MRD test with a 0.01% sensitivity could be performed
on day 29 in 92% of patients [36]. Of the 3341 diag-
nostic samples examined in the AIEOP-BFM 2000
trial, only 305 (9.1%) lacked a suitable gene re-
arrangement target for PCR analysis or had a target
not sufficient to reach a sensitivity of 0.01%; 2365
(70.8%) patients had at least two sensitive targets for
MRD analysis [33]. In the St Jude Total XV trial
flow cytometry and/or PCR amplification of
antigen-receptor genes were used to monitor MRD

in pediatric ALL. Flow cytometry was applied in
patients with B-lineage ALL and T-ALL. In B-
lineage ALL both flow cytometry (482 of 492
patients [98%]) and PCR (403 of 492 [82%]) were
performed; the two methods, in combination, could
be applied to study 491 of 492 (99.8%) patients [50].
The single patient with no available immunopheno-
typic MRD marker or antigen-receptor gene rear-
rangements had a MLL-MLLT3 fusion transcript
and was monitored by RQ-PCR using that marker.

The AIEOP-BFM group currently uses MRD by
PCR amplification of antigen-receptor genes to clas-
sify patients into three risk groups:

1. Standard risk (MRD negative on days 33 and 78).
2. Intermediate risk (any MRD positivity on days 33

and 78 but < 0.1% on day 78).
3. High risk (MRD ≥ 0.1% on day 78) [33].

St Jude Children’s Research Hospital uses MRD
levels by flow cytometry or PCR on day 15 and day
42 for treatment assignment. Patients with MRD
of ≥1% on day 15 receive intensified remission induc-
tion therapy; further intensification is reserved for
patients with ≥5% leukemic cells. By contrast,
patients with MRD <0.01% on day 15 receive a
slightly less intensive reinduction therapy and lower
cumulative doses of anthracycline. Patients with
standard-risk ALL who have MRD of ≥0.01% on
day 42 are reclassified as high-risk; patients with
MRD ≥ 1% are eligible for transplant in first remis-
sion. MRD monitoring is stopped in patients with
B-lineage ALL who are MRD negative on day 42.

Figure 7.8. Schematic representation of the progress in understanding the biology of ALL during the last 50 years. The advent of new
technologies (in red) and related discoveries is shown in approximate chronological order.

7 Acute lymphoblastic leukemia

141



Sequential MRD monitoring continues in patients
with B-lineage ALL who are MRD positive and in
any patient with T-lineage ALL.

Our team also uses MRD to guide treatment for
patients with first-relapse ALL who achieve a second
remission. Those with persistent MRD are candidates
for transplant whereas those who achieve MRD neg-
ativity (in the context of other favorable clinical fea-
tures) are eligible for continuing chemotherapy. For
patients who undergo transplant, additional courses of
chemotherapy may be administered in efforts to
reduce MRD levels before transplant.

Concluding comments
There has been phenomenal progress in the under-
standing of the biology of ALL over the last three
decades (Figure 7.8). With current methods and the
wealth of expertise accumulated over the years, the
diagnosis of ALL can be performed quickly and accu-
rately (Table 7.6). Gaining additional information
beyond diagnosis, such as the identification of bio-
logical and genetic features with prognostic impor-
tance and the selection of targets for MRD studies,
requires more specialized tests. Although these tests

Table 7.6. Summary of tests for the diagnosis and follow-up of acute lymphoblastic leukemia (ALL).

Test Application

Diagnosis Follow-up

Morphology (+/− cytochemistry)

Bone marrow
aspirate

Assessment of bone marrow cellularity
Determine diagnosis/differential diagnosis

Assessment of treatment response
Assessment of hematopoietic recovery
Detection of impending relapse
Low sensitivity for detecting residual disease (~5%)

Bone marrow
trephine

May be required in cases with significant bone marrow
fibrosis and difficult marrow aspirate

To estimate the decrease in bone marrow cellularity
during early phases of therapy
To assess bone marrow recovery with prolonged
cytopenias (preferable to the aspirate)

CSF Determination of CNS involvement
TdT staining may be required

Determination of CNS involvement
TdT staining may be required

Flow cytometry Definitive diagnosis of ALL
Identification of stage of cell maturation.
Detect prognostic features (DI ≥1.16, ETP-ALL)
Identify markers for MRD monitoring

Monitoring MRD

Cytogenetics

Karyotype,
ploidy

Corroboration of ALL diagnosis
Identification of genetic abnormalities with prognostic
significance, e.g. BCR-ABL1; MLL rearrangements;
hyperdiploidy (> 50 chromosomes); hypodiploidy (< 45
chromosomes)

Assessment of treatment response
Detection of impending relapse
Low sensitivity for detecting residual disease (~5%)

FISH Corroboration of ALL diagnosis
Identification of genetic abnormalities with prognostic
significance e.g. ETV6-RUNX1

Assessment of treatment response
Detection of impending relapse
Low sensitivity for detecting residual disease (~5%)

Molecular genetics

Gene fusions Corroboration of ALL diagnosis
Identification of genetic abnormalities with prognostic
significance, e.g. BCR-ABL1; MLL rearrangements;
ETV6-RUNX1
Identify abnormalities for MRD

Monitoring MRD

IG and TCR gene
rearrangements

Corroboration of ALL diagnosis (rare)
Identification of markers for MRD

Monitoring MRD
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add significantly to the initial laboratory costs, they
could improve the quality of treatment and should
ultimately pay for themselves.

Recently developed methodologies, such as arrays
to screen genome-wide expression of mRNA and
microRNA, as well as gene methylation status,
genomic gains and losses and single nucleotide poly-
morphisms are likely to find their way in the diag-
nostic procedures in the future. Some of these
methods have already been proven to identify sub-
types of ALL that cannot be discriminated with the
routine methods currently used. Their application
appears to be particularly promising to identify ALL
subtypes with prognostic significance and provide
clues about pathways that could be targeted by
molecular therapies. Conceivably, a single gene
expression test by microarray could provide a classi-
fication as robust as that provided by immunophe-
notypic and genetic studies combined.

It is unquestionable that MRD tests allow leukemia
“remission” to be defined in a way that is much more
accurate and rigorous than the one afforded by con-
ventional morphological techniques. Incorporating
MRD to guide treatment decisions promises to result
in significantly higher cure rates and lower treatment
toxicities.
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8 Acute myeloid leukemia
David Grimwade

Introduction
Acute myeloid leukemia (AML) encompasses a highly
heterogeneous group of clonal disorders arising in
hematopoietic progenitors that are characterized by a
block in differentiation and outgrowth ofmyeloid blasts
giving rise to bone marrow failure. Although AML is
not particularly common, affecting approximately 3
individuals per 100 000 population per year in
Western countries (i.e. ~2000 new cases per year in
the UK), it is challenging and expensive to treat, repre-
senting a significant burden on healthcare systems.
Given that AML is predominantly a disease of the
elderly, with markedly higher incidence in individuals
over 60 years of age, this disease is set to become an
increasing problem as the population ages.

Molecular basis of AML
The last three decades have witnessed major advances
in deciphering the cytogenetic and molecular lesions
underlying the pathogenesis of AML. These have not
only afforded significant insights into disease biology,
but also proved helpful in providing prognostic infor-
mation and underpinned the development of molecu-
larly targeted and risk-stratified treatment approaches.
A further benefit of improved understanding of the
molecular basis of AML coupled with the development
of sensitive quantitative polymerase chain techniques
has been the possibility to assess treatment response at
the submicroscopic level (i.e. detection of minimal
residual disease, MRD), thereby affording the oppor-
tunity to tailor therapy more precisely to the needs of
the individual patient.

Chromosomal abnormalities in AML
Approximately 60% of AML exhibit an abnormal kar-
yotype, with the pattern of changes differing according

to the age of presentation (reviewed in [1]). In children
and younger adults, balanced chromosomal transloca-
tions are relatively common, while in older patients
AML is more frequently associated with chromosomal
losses and gains, often in the context of a complex
karyotype. To date, over a hundred recurring balanced
chromosomal rearrangements associated with AML
have been characterized at the molecular level [2].
Such rearrangements typically lead to the formation of
chimeric fusion proteins, which play a key role in medi-
ating the leukemic phenotype. A significant proportion
of chromosomal rearrangements disrupt genes encod-
ing transcription factors which are involved in the reg-
ulation of normal hematopoiesis (reviewed in [3]).
Notable examples include genes encoding the α and
β subunits of the heterodimeric core binding factor
(CBF) complex disrupted by the t(8;21)(q22;q22) and
the inv(16)(p13q22)/t(16;16)(p13;q22) rearrangements,
respectively, and which between them, occur in ~13% of
AML cases arising in younger adults (Figure 8.1). These
chromosomal abnormalities lead to formation of the
AML1 (CBFα2/RUNX1)-ETO (RUNX1T1) and CBFβ-
MYH11 fusions (Figure 8.1) and predict a relatively
favorable prognosis (Figure 8.2). Another hemato-
poietic transcription factor gene targeted in AML is
RARA (retinoic acid receptor alpha) resulting from
rearrangements of 17q21 in acute promyelocytic
leukemia (APL). Seven fusion partners of RARA
have been identified to date [4], with the vast majority
(>95%) involving the PML gene as a result of the
t(15;17)(q22;q12–21), which accounts for ~10% of
AML arising in children and younger adults
(Figure 8.1). Chromosomal rearrangements involving
3q26, such as inv(3)(q21q26)/t(3;3)(q21;q26) are asso-
ciated with up-regulation of the transcription factor
EVI1, occur in ~2% of AML and predict a dismal
prognosis [5] (Figure 8.2).

Diagnostic Techniques in Hematological Malignancies, ed. Wendy N. Erber. Published by Cambridge University Press.
© Cambridge University Press 2010.
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Figure 8.2. Impact of karyotype on outcome in younger adults with AML.
Overall survival is shown for adults with AML (median age 43 years, range 16–59) treated in successive Medical Research Council/National Cancer

Research Institute trials (MRC AML10, AML12, AML15) according to cytogenetic entities specified in the 2008 WHO classification [36]. All
patients with t(15;17) received an extended course of ATRA in addition to anthracycline-based chemotherapy.

Reproduced courtesy of the American Society of Hematology (Grimwade D, Hills RK. Independent prognostic factors for AML outcome.
Hematology Am Soc Hematol Educ Program 2009; 385–95) with permission.

t(8;21)/RUNX1-RUNX1-T1 8%

t(15;17)/PML-RARA 11%

Inv(16)/t(16;16)/
CBFB-MYH11 5%

NPM1 mut/FLT3-ITD negWT1
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FLT3-ITD neg 3%
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14% Other adverse

INTERMEDIATE    21%

Figure 8.1. Frequency of prognostically relevant molecular and cytogenetic subgroups of AML arising in younger adults.
Frequencies of the various entities specified in Table 8.5 are based on a synthesis of published data [14,21,23,25,28–31] and analysis of adults with

AML entered into the MRC AML10 and 12 trials [32].
Reproduced courtesy of the American Society of Hematology (Grimwade D, Hills RK. Independent prognostic factors for AML outcome.

Hematology Am Soc Hematol Educ Program 2009; 385–95) with permission.
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Retention of dimerization and/or DNA-binding
domains within the chimeric fusion proteins generated
by AML-associated balanced chromosomal rearrange-
ments can deregulate downstream target genes and
impact on the pathways in which the respective trans-
location partners normally function. A growing family
of oncogenic fusion proteins, which include those
involving TEL (ETV6) as a result of 12p translocations
(present in ~1% of AML), RUNX1 and RARA have been
shown to recruit nuclear co-repressor complexes
including histone deacetylase. This leads to transcrip-
tional repression of genes implicated in normal hema-
topoietic differentiation (reviewed in [6]). Involvement
of genes that encode proteins with a direct influence on
chromatin remodeling, or with transcriptional regula-
tory properties, provides another recurring theme in
the development of AML. Amongst this group are
rearrangements disrupting genes encoding MOZ,
TIF2, p300 and CBP, as well as translocations involving
11q23 leading to rearrangements of the mixed lineage
leukemia (MLL) gene [7]. Over 50 MLL fusion gene
partners have been characterized to date, with the most
common in AML (occurring in ~3% of cases) being
MLLT3 (AF9),MLLT1 (ENL),MLLT10 (AF10),MLLT4
(AF6) and ELL, as a result of translocations involving
9p22, 19p13.3, 10p11~13, 6q27 and 19p13.1, respec-
tively [8]. Deregulation of class I homeobox (HOX)
genes, which encode transcription factors that play a
key role in pattern formation and organogenesis during
embryonic development, as well as contributing to the
organization and regulation of hematopoiesis, is a com-
mon feature in AML pathogenesis. AML-associated
translocations also involve genes encoding components
of the nuclear pore complex, which plays a role in
transport between nucleus and cytoplasm, i.e. NUP98
and CAN (NUP214) disrupted respectively by translo-
cations involving 11p15 and by 9q34 rearrangements,
notably the t(6;9)(p23;q34) giving rise to the DEK-
NUP214 fusion, present in ~1% of AML [9].

Molecular mechanisms in AML cases with unbal-
anced chromosomal abnormalities remain poorly
understood. Leukemias with particular trisomies have
been found to be enriched for specific mutations, for
example presence of partial tandem duplications of the
MLL gene in the context of +11 [10]. Approximately
15% of AML cases that lack balanced chromosomal
abnormalities have a complex karyotype, often associ-
ated with partial or complete loss of chromosomes
5 and/or 7 [1]. Defining the genes implicated in the
development of myelodysplasia (MDS) and AML

characterized by deletions of the long arms of chromo-
some 5 and 7 has been the subject of intense research
interest for many years. Haplosufficiency of a number
of genes appears likely to play an important role in
disease pathogenesis, with recent studies implicating
α-catenin and RPS14 in MDS/AML with 5q deletions
[11–13]. Complex karyotype predicts a very poor prog-
nosis in AML and abnormalities of p53 are particularly
common in this group.

Molecular genetics of AML
A substantial proportion of AML cases (~40%) have a
normal karyotype. In recent years there have been
significant advances in defining genomic variations
of pathogenic and independent prognostic relevance
in this group of patients, with mutation status of the
genes encoding Fms-like tyrosine kinase 3 (FLT3),
nucleophosmin (NPM1) and CCAAT/enhancer bind-
ing protein alpha (CEBPA) shown to be of major
importance (reviewed [14]).

FLT3 is a receptor tyrosine kinase expressed on
hematopoietic progenitors, which is mutated in appro-
ximately a third of AML, including those with normal
karyotype (reviewed [15]). The majority of mutations
are internal tandem duplications (ITDs) that lead to in-
frame insertions within the juxta-membrane region of
the receptor. Less frequent are mutations involving the
region encoding the activation loop (tyrosine kinase
domain, TKD), which most commonly affect codons
aspartate 835 and isoleucine 836 (D835/I836), found
in approximately 7% of patients with AML [15]. Both
classes of mutation lead to constitutive activation of
the receptor and are associated with higher presenting
white blood cell counts (WBC) [15,16]. While there
are conflicting data concerning the prognostic implica-
tions of the TKD mutations [16–18], studies have con-
sistently found that presence of FLT3-ITD provides a
major independent adverse prognostic indicator, asso-
ciated with an increased risk of relapse and poorer over-
all survival [14,15]. Worse outcomes are observed in
those patients with high FLT3-ITD allelic ratios [19–21]
indicative of homozygous mutations generated by
acquired uniparental disomy (UPD) [22].

The discovery by Falini and colleagues in 2005 that
one-third of AML cases, including approximately 50%
with normal karyotype, harbor heterozygous muta-
tions in the carboxy-terminus of the nucleolar phos-
phoprotein, nucleophosmin (NPM1) [23] provided a
major step forward in understanding the molecular
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genetics of this disease. Over 40 mutations have been
described. These lead to gain of a nuclear export signal
combined with loss of at least one of the tryptophan
residues at positions 288 and 290 that are involved in
nucleolar targeting. These act in concert to delocalize
the protein to the cytoplasm (designated NPMc+
AML) [24]. The majority of cases exhibit the Type A
mutation (70–80%), with Types B and D accounting
for a further 10% and 5% each. There is increasing
evidence that NPM1 mutations represent primary
lesions in leukemogenesis, being mutually exclusive
of balanced translocations [25]. Interestingly, NPM1
mutation and FLT3-ITD commonly co-exist in nor-
mal karyotype AML, suggesting that they may coop-
erate in generating the leukemic phenotype. Presence
of an NPM1 mutation is associated with monocytic
blast cell morphology and higher presenting WBC,
even allowing for FLT3 mutation status [24].

CEBPA, a transcription factor involved in normal
myelopoiesis, is mutated in approximately 10% of
AML, and particularly cases with a normal karyotype
[3]. Mutations commonly involve the amino-terminal
region of CEBPA, leading to expression of a truncated
protein, or the carboxy-terminus, disrupting regions
required for dimerization and/or DNA binding. In a
significant proportion of AML cases withCEBPAmuta-
tions, both alleles are involved. These may be homozy-
gous mutations resulting from acquired UPD involving
the CEPBA locus on chromosome 19 [22] or biallelic
compound heterozygous mutations involving amino-
and carboxy-terminal regions. Interestingly, it has
emerged that some patients harbour a germline muta-
tion in CEBPA, with acquisition of a second mutation
involved in progression to AML [26]. In a proportion of
AML cases, the CEBPA locus has been shown to be
inactivated by an alternative mechanism involving epi-
genetic silencing [27]. A number of studies have
reported that CEBPA mutations predict a relatively
favorable outcome in AML [14,28,29]. More recent
reports, which have considered larger patient cohorts,
suggest this effect relates to the group with biallelic
mutations, who tend to have a normal karyotype and
lack FLT3-ITD mutations [30,31].

A number of other recurring mutations have been
identified inAML patients. RASmutations are relatively
common, occurring in ~15% of cases, with evidence to
date suggesting that they are prognostically neutral
(reviewed in [14]). Whereas, partial tandem duplica-
tions in the MLL gene and mutations in the Wilms’
Tumor (WT1) gene, each found in ~10% of normal

karyotype AML, have been associated with a poor prog-
nosis (reviewed in [32]). Mutations in the TET2 gene
have recently been identified in ~10% of AML [33],
including a quarter with secondary disease [34], and
may also confer a poor prognosis [33]. Other recurrent
mutation targets in AML include PTPN11, RUNX1,
CBL, IDH1 and IDH2. Although mutations in the KIT
gene are relatively uncommon in AML as a whole, they
occur in ~25% of CBF leukemia and have been associ-
ated with a significantly poorer prognosis (reviewed
in [35]).

Factors predisposing to AML
In the vast majority of AML patients, the disease arises
spontaneously, with no known predisposing factors.
However, a number of genetic abnormalities are now
recognized to confer a significant risk for the develop-
ment of AML (Table 8.1). The most common of these
is Down syndrome with trisomy 21, which in conjunc-
tion with acquired mutation in the GATA1 gene pre-
disposes to the development of a myeloproliferative
disorder during early childhood. This can resolve
spontaneously (transient abnormal myelopoiesis) or
progress to acute megakaryoblastic leukemia [36].
Familial AML is extremely rare and has been associ-
ated with mutations in genes encoding the hemato-
poietic transcription factors CEBPA and RUNX1, with
the latter being associated with Familial Platelet
Disorder (reviewed in [37]). Various bone marrow
failure syndromes predispose to AML, including
Shwachman–Diamond, associated with a ribosomal
protein gene defect, dyskeratosis congenita and
Fanconi anemia (reviewed in [38]). Mutations in the
FANCA gene account for ~65% of Fanconi anemia,
associated with a 35–50% risk of progression to AML
by 40 years of age [39]. Defects in genes encoding other
proteins involved in DNA damage and repair
responses also predispose to AML, which include
BLM and TP53 in Bloom’s and Li Fraumeni syn-
dromes, respectively [37].

Approximately 25–35% of AML cases evolve from
a prior hematological condition, particularly MDS
and myeloproliferative neoplasms [36,40]. A further
10–15% of AML arise following exposure to DNA-
damaging agents [41]. Therapy-related leukemias are
emerging as an increasing healthcare problem as more
patients survive their primary cancers following treat-
ment with chemotherapy and/or radiotherapy. The
disease characteristics of therapy-related leukemias
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tend to differ according to the causative agent.
Exposure to alkylating agents is associated with devel-
opment of MDS/AML characterized by loss of chro-
mosome 5 and/or 7 material after a latency period of
several years. Whereas, secondary leukemias arising
following treatment with agents targeting topoisomer-
ase II, including epipodophyllotoxins (e.g. etoposide),
anthracyclines (e.g. epirubicin) and anthracenediones
(e.g. mitoxantrone) exhibit a shorter latency period
(typically 1–4 years) and are characterized by balanced
translocations, particularly involving MLL at 11q23,
NUP98 at 11p15, RUNX1 at 21q22 and RARA at 17q21
[36,41]. However, a significant proportion of patients
developing t-MDS/AML have been exposed to mul-
tiple chemotherapy drugs as well as radiotherapy,
making it difficult to identify the causative agent with
any certainty. There is considerable interest in inves-
tigating whether particular individuals might be at risk
of developing therapy-related leukemias. A number of
studies have suggested that various polymorphisms
that affect drug metabolism and detoxification may
affect susceptibility (reviewed in [41]).

Classification of AML
The first classification systems for AML were devel-
oped by the French, American and British (FAB)

collaborative group over 30 years ago, defining eight
subtypes (designated AML FAB M0-M7) based upon
morphological features, apparent maturity of leuke-
mic blasts and lineage involvement [42]. However,
with improved understanding of the biology of AML,
the FAB system has been superseded by the classifica-
tion schemes developed by the World Health
Organization (WHO) [36,43]. The 2001 WHO classi-
fication for the first time defined subsets of AML
according to the underlying cytogenetic/molecular
lesion, i.e. APL with t(15;17);PML-RARA and its
molecular variants, CBF leukemia with t(8;21);
RUNX1-RUNX1T1 (AML1-ETO) or inv(16)/t(16;16);
CBFB-MYH11 and AML with 11q23/MLL transloca-
tions were specifically recognized as disease entities.
AML with MDS-related features and therapy-related
leukemias arising following exposure to alkylating
agents/radiotherapy or drugs targeting topoisomerase
II were also defined [43]. A morphological classifica-
tion was retained to categorize cases not falling
into one of these “specific” clinical, morphological or
cytogenetic groups. These morphological groups
were based on the FAB categories M0, M1, M2, M4,
M5, M6 and M7. Three new categories were added,
namely acute basophilic leukemia, acute panmyelosis
with marrow fibrosis and myeloid sarcoma. A major
difference between the FAB and WHO classifications
lies in the minimum bone marrow blast percentage
used as a “cut-off” to separate MDS from AML, with
the WHO system dropping the FAB threshold of blast
cells from 30% to 20%. Indeed for cases with clonal
abnormalities in the form of t(15;17)(q22;q12–21), inv
(16) or t(8;21), a diagnosis of AML can be made
irrespective of blast percentage according to the
WHO system.

The WHO classification system was updated in
2008 (Table 8.2) [36]. In this the list of cytogenetic
abnormalities defining “AML with recurrent genetic
abnormalities” was expanded to include t(3;3)(q21;
q26)/inv(3)(q21q26);RPN1-EVI1 and t(6;9)(p23;
q34);DEK-NUP214, both of which occur in 1–2% of
AML and have characteristic morphological features.
AML with t(1;22)(p13;q13);RBM15-MKL1 was also
included; this is a very rare entity associated with
acute megakaryoblastic leukemia in infancy. In addi-
tion AML t(9;11)(p22;q23) withMLLT3-MLL fusion,
which occurs in ~1% of AML, was distinguished from
cases with other 11q23 abnormalities. The newWHO
classification also lists a number of cytogenetic
abnormalities which can be used to define AML

Table 8.1. Factors predisposing to the development of secondary
acute myeloid leukemia (AML).

Genetic predisposition
Down syndrome
Fanconi anemia

Other inherited bone marrow failure syndromes:
Shwachman–Diamond
Diamond–Blackfan
Kostmann’s
Familial platelet disorder
Dyskeratosis congenita

DNA repair defects e.g. Bloom’s syndrome

Other tumor predisposition syndromes e.g. Li–Fraumeni

Prior hematologic disorder
Chronic myeloid leukemia
Other myeloproliferative disorders
Myelodysplastic syndrome
Paroxysmal nocturnal hemoglobinuria

Exposure to environmental or therapeutic agents
Chronic exposure to benzene and derivatives
Ionizing radiation
Chemotherapeutic agents
Alkylating agents
Topoisomerase II targeting drugs
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Table 8.2. WHO classification (2008) of acute myeloid leukemia (AML) and related precursor neoplasms and acute leukemias of ambiguous
lineage (adapted from references [36,46]).

Acute myeloid leukemia (AML) with recurrent genetic abnormalities
AML with t(8;21)(q22;q22); RUNX1-RUNX1T1
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
Acute promyelocytic leukemia (APL) with t(15;17)(q22;q12); PML-RARAa

AML with t(9;11)(p22;q23); MLLT3-MLLb

AML with t(6;9)(p23;q34); DEK-NUP214
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
Provisional entity: AML with mutated NPM1
Provisional entity: AML with mutated CEBPA

AML with myelodysplasia-related changesc

Therapy-related myeloid neoplasmsd

AML, not otherwise specified (NOS)
AML with minimal differentiation
AML without maturation
AML with maturation
Acute myelomonocytic leukemia
Acute monoblastic/monocytic leukemia
Acute erythroid leukemia
Pure erythroid leukemia
Erythroleukemia, erythroid/myeloid

Acute megakaryoblastic leukemia
Acute basophilic leukemia
Acute panmyelosis with myelofibrosis (acute myelofibrosis; acute myelosclerosis)

Myeloid sarcoma (extramedullary myeloid tumor; granulocytic sarcoma; chloroma)

Myeloid proliferations related to Down syndrome
Transient abnormal myelopoiesis (transient myeloproliferative disorder)
Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

Acute leukemias of ambiguous lineage
Acute undifferentiated leukemia
Mixed phenotype acute leukemia with t(9;22)(q34;q11.2); BCR-ABL1e

Mixed phenotype acute leukemia with t(v;11q23); MLL rearranged
Mixed phenotype acute leukemia, B/myeloid, NOS
Mixed phenotype acute leukemia, T/myeloid, NOS
Provisional entity: Natural-killer (NK) cell lymphoblastic leukemia/lymphoma

For a diagnosis of AML, a marrow blast count of ≥ 20% is required, except for AML with the recurrent genetic abnormalities t(15;17), t(8;21), inv
(16) or t(16;16) and some cases of erythroleukemia.
a Other recurring translocations involving RARA should be reported accordingly: i.e. APL with t(11;17)(q23;q12)/ZBTB16-RARA, with t(11;17)(q13;
q12)/NUMA1-RARA, t(5;17)(5q35;q12)/NPM1-RARA, t(4;17)(q12;q21)/FIP1L1-RARA, STAT5B-RARA and PRKAR1A-RARA (fusion partners located on
17q).
b Other translocations involving MLL should be reported accordingly: e.g. AML with t(6;11)(q27;q23); MLLT4-MLL; AML with t(11;19)(q23;p13.3);
MLL-MLLT1; AML with t(11;19)(q23;p13.1); MLL-ELL; AML with t(10;11)(p12;q23); MLLT10-MLL.
c >20% blood or marrow blasts and any of the following: previous history of myelodysplastic syndrome (MDS), or myelodysplastic/
myeloproliferative neoplasm (MDS/MPN); myelodysplasia-related cytogenetic abnormality (see below); multi-lineage dysplasia; and absence of
both prior cytotoxic therapy for unrelated disease and aforementioned recurring genetic abnormalities; cytogenetic abnormalities sufficient to
diagnose AML with myelodysplasia-related changes are:
– complex karyotype (defined as three or more chromosomal abnormalities
– unbalanced changes: −7 or del(7q); −5 or del(5q); i(17q) or t(17p); −13 or del(13q); del(11q); del(12p) or t(12p); del(9q); idic(X)(q13);
– balanced changes: t(11;16)(q23;p13.3); t(3;21)(q26.2;q22.1); t(1;3)(p36.3;q21.1); t(2;11)(p21;q23); t(5;12)(q33;p12); t(5;7)(q33;q11.2); t(5;17)(q33;
p13); t(5;10)(q33;q21); t(3;5)(q25;q34).

d Cytotoxic agents implicated in therapy-related hematologic neoplasms: alkylating agents; ionizing radiation therapy; agents targeting
topoisomerase II; others.
e BCR-ABL1-positive leukemiamay present as mixed phenotype acute leukemia, but should be treated as BCR-ABL1-positive acute lymphoblastic
leukemia.
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cases as “MDS-related” even in the absence of dys-
plastic features (see legend to Table 8.2). Two molec-
ular genetic abnormalities, i.e. mutation of the NPM1
and CEBPA genes, were introduced into the classifi-
cation as provisional disease entities (Table 8.2).
Criteria used to define therapy-related leukemias
were altered, with no distinction between cases aris-
ing following alkylating agents, radiotherapy or
drugs targeting topoisomerase II, recognizing that
patients are often exposed to combination therapy.
Myeloid proliferations arising in patients with
Down syndrome were also considered as separate
entities.

Investigations to diagnose AML

Morphological assessment of peripheral
blood and bone marrow
A range of tests is required to establish the diagnosis
and classify cases of AML according to the WHO
classification (Table 8.3). Figures 8.3–8.6 illustrate
diagnostic morphological, phenotypic and genetic
features of a range of AML subtypes. Morphological
analysis of peripheral blood (PB) and bone marrow
(BM) smears stained with Wright Giemsa or May–
Grünwald Giemsa is clearly the first step in investi-
gating a patient with suspected AML. Bone marrow
aspirates should be examined for morphological
classification and identification of multi-lineage
dysplasia. Cytochemistry using myeloperoxidase
(MPO) or Sudan black B stain, and a combined ester-
ase stain to confirm myeloid lineage involvement and
subclassification may be performed, but are not
essential and now rarely required. This is particularly
so if flow cytometry is performed for cytoplasmic
MPO. However, a toluidine blue stain is necessary
to establish a suspected diagnosis of acute basophilic
leukemia [44]. In cases of suspected APL, immuno-
cytochemical staining of BM smears (or PB smears
for cases with circulating leukemic cells) using mono-
clonal or polyclonal antibodies to PML protein is
particularly valuable as a rapid diagnostic test for
presence of the PML-RARA fusion (evidenced by
microspeckled nuclear staining pattern); this indi-
cates those patients who are likely to benefit from
molecularly targeted therapies i.e. all-trans retinoic
acid (ATRA) and arsenic trioxide (ATO)
(Figure 8.3d).

A bone marrow trephine is indicated in patients
in whom bone marrow aspiration yields a “dry tap.”
A trephine biopsy is essential to detect marrow fib-
rosis and may facilitate identification of presence of
multi-lineage dysplasia (defined as ≥50% dysplastic
cells in two of erythroid, megakaryocytic and gran-
ulocytic/monocytic lineages) in conjunction with
the aspirate. A diagnosis of acute panmyelosis with
marrow fibrosis can only be made with a trephine,
requiring immunocytochemistry with antibodies
identifying CD34, MPO, glycophorin and megakar-
yocyte antigens (CD61 or Factor VIII) to identify and
quantify the blast percentage and multi-lineage
involvement [44]. Bone marrow trephines should be
avoided in patients with suspected APL due to the
associated coagulopathy and risk of hemorrhagic
complications [45].

Immunophenotyping
Immunophenotyping should utilize a minimum of
three-color flow cytometry and is essential for estab-
lishing a diagnosis of AML in cases that are negative
for cytochemical MPO, e.g. AML with minimal differ-
entiation and acute megakaryoblastic leukemia [44].
Both surface and intracellular antigens should be
studied. Standard panels have been published which
can be applied in the diagnosis of AML and acute
leukemias with mixed phenotype, such as those
detailed in the European LeukemiaNet guidelines
and in Chapter 3 [46] (Table 8.4). It is important to
be aware that cross-lineage expression of lymphoid
markers in AML is relatively common (reviewed in
[46]). Indeed, expression of B-lineage-affiliated anti-
gens CD19 and CD79a in AML with t(8;21)(q22;
q22);RUNX1-RUNX1T1 is well recognized, while the
T-lineage-associated antigen CD2 has been reported
in inv(16)(p13.1;q22);CBFB-MYH11-associated AML
and in APL, particularly the hypogranular variant
form. Cross-lineage antigen expression is one of the
features used to define leukemia-associated aberrant
immunophenotypes (LAIPs) used for detection of
minimal residual disease (MRD) (reviewed in [47]).
Identification of LAIPs requires diagnostic material to
be analyzed in specialist reference laboratories with
more extensive antibody panels based on at least 4-
color technology. Panels are being amended as 6–10
color technology becomes more widely available,
which should enhance the reliability of flow
cytometry-based approaches to MRD detection.
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Table 8.3. Test/procedures to establish baseline status of acute myeloid leukemia (AML).

Test/Procedure General practice Clinical trial

Tests to establish the diagnosis

Full blood count and differential, blood film Yes Yes

Bone marrow aspirate Yes Yes

Bone marrow trephine biopsy Optionala Optionala

Immunophenotyping Yes Yes

Cytogenetics Yes Yes

RUNX1-RUNX1T1, CBFB-MYH11, or other gene fusion screening Optionalb Yesb

PML-RARA RT-PCR, PML immunofluorescence test Yesc Yesc

Additional tests/procedures at diagnosis

Demographics and medical historyd Yes Yes

Performance status (ECOG/WHO score) Yes Yes

Analysis of co-morbidities Yes Yes

Biochemistry, coagulation tests, urine analysise Yes Yes

Serum pregnancy testf Yes Yes

Information on oocyte and sperm cryopreservation Optionalg Optionalg

HLA-typing, CMV testing Optionalh Optionalh

Hepatitis A, B, C; HIV-1 testing Yes Yes

Chest X-ray, 12-lead ECG; echocardiography (on indication) Yes Yes

Lumbar puncturei No No

Biobankingj Optionalj Yes

Prognostic marker assessment

NPM1, CEBPA, FLT3 gene mutation Optionalk Yes

WT1, RUNX1, MLL, TET2, KIT, RAS, TP53, IDH1, IDH2 gene mutation No Investigational

ERG, MN1, EVI1, BAALC gene expression No Investigational

Identification of markers for MRD detection No Investigational

Adapted from European LeukemiaNet AML Guidelines [46].
a Recommended in patients with a dry tap, but not recommended in patients with suspected acute promyelocytic leukemia (APL).
b Should be performed if chromosomemorphology is of poor quality, if there is typical morphology but the suspected cytogenetic abnormality
is not present and if patient is eligible for intensive therapy including allogeneic transplantation.
c Recommended in patients with suspected APL. In the presence of the PML-RARA fusion, PML immunofluorescence test shows a characteristic
microspeckled staining pattern in leukemic blasts (see Figure 8.3d).
d Including age, occupation, race or ethnicity, family history, previous exposure to toxic agents, history of hematologic disorder or malignancy,
therapy for prior malignancy, information on smoking.
e Biochemistry: glucose, sodium, potassium, calcium, creatinine, aspartate amino transferase (AST), alanine amino transferase (ALT), alkaline
phosphatase, lactate dehydrogenase, bilirubin, urea, total protein, uric acid, total cholesterol, total triglycerides, creatinine phosphokinase (CPK).
Coagulation tests: prothrombin time (PTT), international normalized ratio (INR) where indicated, activated partial thromboplastin time (aPTT),
thrombin time.
Urine analysis: pH, glucose, erythrocytes, leukocytes, protein, nitrite.
f In women with childbearing potential.
g Cryopreservation to be undertaken in accordance with the wish of the patient.
h HLA typing and CMV testing should be performed in those patients eligible for allogeneic stem cell transplantation.
i Required in patients with clinical symptoms suspicious of central nervous system involvement; patient should be evaluated by imaging study
for intracranial bleeding, leptomeningeal disease, andmass lesion; lumbar puncture considered optional in other settings (e.g. highWBC count).
j Pretreatment leukemic bone marrow and blood sample and constitutional DNA. Biobanking should also be performed in general practice if at
all possible.
k Strongly encouraged in AML with normal karyotype.
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Figure 8.3. Diagnosis of acute promyelocytic leukemia.
a. Blasts of classical (hypergranular) acute promyelocytic leukemia (FAB type M3). A “faggot cell” with bundles of Auer rods can be seen.
b. Hypogranular variant (M3v) form of acute promyelocytic leukemia.
c. Detection of PML-RARA fusion gene by fluorescence in situ hybridization (FISH) using locus-specific cosmid probes in an APL case where fusion
was the result of an interstitial insertion of chromosome 15-derivedmaterial including PML (green) within the RARA locus (red) on chromosome
17, leading to a fusion signal (arrow) and “split” RARA signal. (FISH analysis performed by Patricia Gorman, Cancer Research UK, London.)

d. Detection of presence of PML-RARA by PML immunofluorescence test, revealed by microspeckled nuclear staining pattern of PML antibody
(PG-M3) as compared to discrete pattern of nuclear dots in cells lacking PML-RARA fusion (inset panel). (Figure provided by Dr. Sylvie Freeman,
University of Birmingham.)

e. Detection of PML-RARA by RT-PCR. Multiplex PCR using breakpoint specific primers identifies the three main types of fusion transcript.

2 Hematological malignancies

154



Cytogenetic analysis
As discussed previously, conventional cytogenetics has
a critical role in the analysis of AML; for technical
details the reader is referred to Chapter 4. Cytogenetics
serves to:

1. Identify a number of chromosomal abnormalities
that confirm a clinical diagnosis of AML
irrespective of the BM blast percentage (see
Table 8.2).

2. Distinguish subgroups of patients whomay benefit
from molecularly targeted therapies (i.e. ATRA
and ATO in APL with t(15;17);PML-RARA and
imatinib in Ph-positive leukemias).

3. Provides key independent prognostic information
(reviewed in [1]).

Therefore cytogenetics is a mandatory component of
the routine diagnostic work-up for AML [46]. Cyto-
genetic analysis is best conducted using pre-treatment
BM aspirate samples, although abnormal karyotypes
can be established from PB specimens where the for-
mer are unevaluable. Analysis of at least 20 evaluable
metaphases is required for the diagnosis of normal
karyotype AML and examination of a comparable
number of metaphases is recommended to define an
abnormal karyotype [46].

Fluorescence in situ hybridization (FISH) can
detect a number of AML-associated genetic abnormal-
ities, including PML-RARA, RUNX1-RUNX1T1,
CBFB-MYH11, MLL fusions, BCR-ABL, EVI-1, com-
plex karyotypes and loss of TP53. It can be used to:

1. Identify abnormalities which may establish the
diagnosis of AML.

2. Help inform treatment approach.
3. Predict clinical outcome.

It can either be performed as a primary diagnostic
test or reserved for when karyotyping fails. The
latter approach necessitates fixed cell pellets being
stored routinely for subsequent analysis. The most
appropriate FISH tests to be conducted (i.e. which
probes to use) in any given patient may be influ-
enced by:

1. The presence of suggestive morphological features
indicative of a particular disease entity (e.g. M4Eo
morphology predicting presence of CBFB-MYH11
fusion).

2. Clinical characteristics of the patient (e.g. marked
coagulopathy in APL with PML-RARA fusion).

3. Other known mutations.

Extensive laboratory tests are not indicated in patients
with confirmed AML and poor performance status in
whom curative therapy is not planned. There is also
little value in performing FISH analyses in patients
already shown to have AML with mutations in
NPM1 or CEBPA, as these do not occur with any
frequency in AML with balanced chromosomal rear-
rangements or a complex karyotype. In patients with a
relevant family history and/or suggestive clinical fea-
tures detected on physical examination (e.g. café au lait
spots, skeletal abnormalities) additional cytogenetic
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Figure 8.4. AML with t(8;21)(q22;q22); RUNX1-RUNX1T1 (AML1-ETO).
a. Bone marrow morphology showing myeloblasts with maturation
to promyelocytes and myelocytes.
b. G-banding partial karyotype of t(8;21)(q22;q22) showing the
normal (left) and derivative rearranged (right) chromosomes 8
and 21.
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tests should be performed, looking for evidence of
chromosomal instability (diepoxybutane/mitomycin-c
stress test) [48].

Routine molecular diagnostics
Molecular diagnostic assays are best performed
on nucleic acid extracted from BM samples. When
marrow is not available, fusion genes and mutations

can generally be reliably identified using blood (par-
ticularly if blasts predominate). Ideally DNA and RNA
should be extracted and viable cells stored; however,
where cell numbers are limiting RNA extraction
should be prioritized, as this is suitable for molecular
screening for fusion genes and leukemia-associated
mutations. Ideally diagnostic material should be stored
for future research, along with constitutional DNA
extracted from buccal swabs or other non-leukemic
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Figure 8.5. AML with inv(16)(p13.1q22); CBFB-MYH11.
a. Bone marrow morphology showing myeloblasts, a monoblast, granulocytic differentiation and abnormal baso-eosinophil precursors.
b. Flow cytometry showing three sub-populations of blast cells based on varying intensity of CD13 and CD45 antigen expression.
c. Flow cytometry showing the subpopulation of blast cells with strongest CD45 positivity to express CD14 monocyte-associated antigen
(monoblasts).

d. Metaphase FISH for CBFB using a breakapart probe showing the normal red/green fusion signal and a rearranged CBFB (separated red and
green signals) on the abnormal chromosome 16.
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tissue, subject to appropriate ethical approval and
informed patient consent.

Molecular screening for chimeric fusion genes
PML-RARA fusion gene: When APL is suspected
molecular analysis for the PML-RARA fusion gene
should be performed. This should be done irrespective
of patient age to identify those likely to benefit from
molecularly targeted therapies (ATRA and ATO) and
to establish the PML breakpoint location necessary for
subsequent MRD detection [45].

RUNX1-RUNX1T1 and CBFB-MYH11 fusion genes:
Molecular screening for presence of these fusion genes
is also relevant in younger non-APL patients who are
suitable for intensive treatment approaches including
allogeneic transplantation. This is important as the
overt cytogenetic lesion is not detected in ~10% of
cases with CBF leukemia due to cryptic, simple variant
or more complex rearrangements or cytogenetic fail-
ures (reviewed in [1]). Cases that are molecularly pos-
itive in the absence of the associated cytogenetic lesion
should be subject to confirmation by reverse transcrip-
tase polymerase chain reaction (RT-PCR) performed
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Figure 8.6. Acute monoblastic leukemia with NPM1 exon 12 mutation.
a. Bone marrow aspirate morphology showing monoblasts.
b. Bone marrow trephine showing a monomorphic blast cell infiltrate of intermediate sized cells (hematoxylin and eosin (H&E)).
c. CD15 positivity of the myeloblasts in the bone marrow trephine (immunoperoxidase stain).
d. Cytoplasmic localization of NPM (immuno-alkaline phosphatase staining) of the bone marrow trephine biopsy.
e. Melt curve analysis for NPM1 exon 12 mutations showing normal wildtype single peaks (red). Three AML samples with NPM1mutations (other
colors) have different melt profiles corresponding to the presence of mutant and wildtype alleles.

f. High resolution capillary gel electrophoresis for NPM1 exon 12 mutations. PCR amplification of DNA containing the NPM1 exon 12 mutation
yields a PCR product (*) that is four base pairs longer than the wildtype allele. (Red peaks are size markers).
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in an independent laboratory and FISH. These analy-
ses respectively serve to exclude the possibility that the
result was spurious due to PCR contamination or was
unlikely to be of clinical relevance, should the fusion
gene have arisen in a minor clone. However, it is
important to appreciate that small insertion events
can potentially be missed by FISH when using large

probes, hencemolecular screening for CBF leukemia is
best undertaken by RT-PCR, for which standardized
optimized protocols have been published by the
BIOMED-1 group [49]. Patients with CBF leukemia
identified on molecular screening are assumed to be
biologically similar to those with the overt cytogenetic
lesion. Recognition of such cases is clinically relevant,
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Figure 8.6. (cont.)
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since they represent a group of patients who may be
spared routine use of allogeneic transplant in first
remission and can benefit from MRD monitoring by
real-time quantitative polymerase chain reaction (RQ-
PCR). Routine provision of samples for molecular
diagnostics in the CBF leukemias is important to
establish breakpoint location (variable for CBFB-
MYH11) and to provide a baseline fusion transcript
level for subsequent MRD assessment.

BCR-ABL1 fusion: Although rare in AML (~1%),
molecular screening for the BCR-ABL1 fusion may
also be worth including in the diagnostic panel. This
will identify those patients with a very poor prognosis,
who could potentially benefit from molecularly tar-
geted therapy with imatinib and other tyrosine kinase
inhibitors.

FIP1L1-PDGFRA fusion: In AML with a marked eosi-
nophilic component and negative for CBFB-MYH11
there may be merit in screening for the FIP1L1-
PDGFRA fusion using PCR or FISH-based
approaches, given the sensitivity of this disease entity
to imatinib [50].

Other fusion genes: Beyond identifying patients who
can potentially be subject to MRD monitoring by RQ-
PCR, more extensive screening for a wider range of
AML fusion genes is of limited clinical utility and is
currently not recommended [46].

Mutation screening
The diagnostic work-up for AML patients lacking
APL or CBF leukemia subtypes and who are candi-
dates for intensive treatment, should be routinely
screened for mutations that may impact upon man-
agement and clinical outcome. A number of studies
have highlighted the complex interplay of mutations
affecting NPM1, CEBPA and FLT3 on clinical out-
come. Such information is increasingly being used to
direct use of allogeneic transplantation in first remis-
sion (reviewed in [32]).

FLT3 mutations: For detection of FLT3-ITD muta-
tions it is important to use a methodology that allows
quantification of the mutant allele (e.g. Genescan)
[20], since higher mutant ratios have been associated
with poorer prognosis [19–21]. The prognostic signif-
icance of TKDmutations remains uncertain and based

Table 8.4. Immunophenotyping panel for the diagnosis of acute myeloid leukemia (AML) and mixed phenotype acute leukemia.

Diagnosis of AMLa

Precursor stage CD34, CD38, CD117, CD133, HLA-DR

Granulocytic
markers

CD13, CD15, CD16, CD33, CD65, cytoplasmic myeloperoxidase (cMPO)

Monocytic
markers

Non-specific esterase (NSE), CD11c, CD14, CD64, lysozyme, CD4, CD11b, CD36, NG2 homologueb

Megakaryocytic
markers

CD41 (glycoprotein IIb/IIIa), CD61 (glycoprotein IIIa), CD42 (glycoprotein 1b)

Erythroid marker CD235a (glycophorin A)

Diagnosis of mixed phenotype acute leukemiac

Myeloid lineage MPO or evidence of monocytic differentiation (at least two of the following: NSE, CD11c, CD14, CD64, lysozyme)

B-lineage CD19 (strong) with at least one of the following: CD79a, cCD22, CD10, or CD19 (weak) with at least two of the
following: CD79a, cCD22, CD10

T-lineage cCD3, or surface CD3

Adapted from European LeukemiaNet AML Guidelines [46].
a For the diagnosis of AML, the table provides a list of selected markers rather than a mandatory marker panel.
bMost cases with 11q23 abnormalities express the NG2 homolog (encoded by CSPG4) reacting with the monoclonal antibody 7.1.
c Requirements for assigning more than one lineage to a single blast population adopted from the WHO classification (see Table 8.2). Note that
the requirement for assigning myeloid lineage in mixed phenotype acute leukemia is more stringent than for establishing a diagnosis of AML.
Note also that mixed phenotype acute leukemia can be diagnosed if there are separate populations of lymphoid and myeloid blasts.

8 Acute myeloid leukemia

159



on current evidence there appears to be little merit in
screening for this mutation outside clinical trials eval-
uating FLT3 inhibitor therapy.

NPM1 exon 12 mutations: Molecular screening for
NPM1 exon 12 mutations is most appropriately
restricted to AML cases lacking any of the balanced
chromosomal abnormalities recognized in the WHO
classification. A number of methods are available to
detect mutations in theNPM1 gene [51]. Presence of an
NPM1mutation to some extent ameliorates the adverse
prognosis associated with FLT3-ITD, while NPM1-pos-
itive/FLT3-ITD-negative AML has a particularly favor-
able prognosis (Figure 8.7). NPM1 mutations have
been shown to provide highly sensitive and reliable
targets for MRD detection [47,52]. There is preliminary
evidence to suggest, albeit based on analysis of small
sample sizes, that patients with mutant NPM1 may
benefit from ATRA therapy [53].

CEBPA mutations: Protocols have been established for
mutation screening of CEBPA [26,29–31]. However,
this is more challenging than analysis of FLT3 and

NPM1, given that mutations are widely distributed
and the gene is highly GC-rich. Routine screening strat-
egy may be influenced by the observation that favorable
disease outcome correlates with presence of biallelic
CEBPA mutations in the absence of FLT3-ITD
[30–32]. Accordingly, CEBPA mutation screening
could reasonably be restricted to cases that are:

1. FLT3-ITD-negative.
2. NPM1 mutation-negative.
3. Do not have balanced cytogenetic abnormalities.
4. Do not have adverse risk cytogenetics (defined

below).

Other mutations: In situations in which clinical fea-
tures suggest that AML has arisen on the background
of a predisposing genetic disorder (e.g. Down syn-
drome, Fanconi anemia), input should be sought
from specialist laboratories for additional molecular
characterization to help inform patient management.

Establishing baseline disease status
Having established a diagnosis of AML, apart from
the cytogenetic and molecular genetic characteristics of

Figure 8.7. Impact of NPM1 and FLT3-ITD mutations in younger adults treated in the UK NCRI AML trials.
Adapted from [21] with permission.
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the leukemic clone, a number of factors need to be taken
into account that are highly relevant to patient manage-
ment. These include consideration of the patient’s age
and performance status, ascertaining the presence and
nature of any co-morbidities (e.g. impaired cardiac,
renal, pulmonary or hepatic function, history of pre-
vious cancer), establishing whether the leukemia has
arisen de novo or secondary to an antecedent hemato-
logic disorder or previous chemotherapy/radiotherapy
exposure, the presenting WBC, presence of extra-
medullary disease and the patient’s wishes with respect
to therapy in the context of the predicted prognosis.
Pregnancy status of women of childbearing age should
be established prior to treatment. Steps to preserve fer-
tility should be considered where possible. Therefore, a
considerable number of baseline factors need to be taken
into account at diagnosis of AML that are relevant for
patient management (Table 8.3).

Investigations for risk
stratification, determining prognosis
and treatment approach

Routine investigations
A critical first step in assessing any patient with sus-
pected AML is rapid scrutiny of the PB and BM mor-
phology to determine whether the patient is likely
to have APL, or another disease subtype. APL should
be considered as a medical emergency requiring imme-
diate treatment with ATRA and supportive care meas-
ures to reduce the risk of death due to the associated
coagulopathy [45]. In patients with suspected APL, BM
samples should be analyzed by PML immunofluores-
cence, cytogenetics andmolecular diagnostics using RT-
PCR to establish the presence of the PML-RARA fusion
[45]. For patients with documented PML-RARA posi-
tivity, ATRA and reduced intensity anthracycline-based
treatment protocols have become a standard of care
[45]. In recent years, regimens based entirely on molec-
ularly targeted therapies (i.e. ATRA, ATO +/− gemtu-
uzmab ozogamicin) have been developed. The place of
these chemotherapy-free treatment approaches is being
evaluated in randomized clinical trials; however,
they are increasingly being applied in patients
with PML-RARA+ APL who are considered unfit for
standard anthracycline-based therapy [45]. Given the
high risk of death in untreated APL, treatment should
not be delayed until results of laboratory investigations

are available [45]. Any patients with suspected APL in
whom routine investigations do not identify a PML-
RARA fusion should be discussed with a reference labo-
ratory considering the possibility of an alternative
fusion partner, which has an important bearing upon
ATRA sensitivity. For example, APL with t(11;17)(q23;
q21) giving rise to the PLZF(ZBTB16)-RARA fusion is
resistant to ATRA, whereas t(5;17)(q35;q21);NPM1-
RARA, t(4;17)(q12;q21);FIP1L1-RARA and t(11;17)
(q13;q21);NuMA-RARA are ATRA-sensitive [45]. The
use of ATO should be restricted to PML-RARA+ APL,
since this agent is ineffective in PLZF-RARA+ APL and
untested in other molecular subtypes.

For patients with AML other than APL, pre-
treatment cytogenetic analysis is fundamental to deter-
mine treatment approach and predicting outcome.
Indeed, in multivariable analyses taking into account
age, type of AML (de novo/secondary) and presenting
WBC, diagnostic karyotype emerges as the most sig-
nificant prognostic factor [32]. Patients with CBF leu-
kemia i.e. with t(8;21)(q22;q22) or inv(16)(p13q22)/
t(16;16)(p13;q22) treated with intensive chemother-
apy involving cytarabine at a range of doses typically
have a relatively favorable prognosis (Figure 8.2,
Table 8.5). In this favorable risk group, relapse rates
are too low and salvage rates too high for there to be
any survival benefit for allogeneic transplantation in
first remission [32]. Conversely, adults presenting with
AML with the following cytogenetic abnormalities
with other changes or complex karyotype (more than
three unrelated abnormalities) have a very poor prog-
nosis with conventional chemotherapy:

1. abn(3q) [excluding t(3;5)(q21~25;q31~35)/NPM1-
MLF1].

2. inv(3)(q21q26)/t(3;3)(q21;q26).
3. add(5q), del(5q) or −5.
4. add(7q), del(7q) or −7.
5. t(6;11)(q27;q23).
6. t(10;11)(p11~13;q23).
7. other t(11q23) [excluding t(9;11)(p21~22;q23) and

t(11;19)(q23;p13)]
8. t(9;22)(q34;q11).
9. −17 and abn(17p).

Patients with these abnormalities are considered candi-
dates for allogeneic transplant and experimental treat-
ment approaches [32]. These adverse risk cytogenetic
abnormalities are present in a quarter of AML cases in
patients >60 years and predict a dismal prognosis (<5%
survival at 5 years) [32]. Therefore there may be a
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rationale for performing rapid cytogenetic analysis to
inform treatment approach for older AML patients in
whom APL is not suspected and outside a clinical trial.
This group of patients may be candidates for experi-
mental treatment approaches or supportive care,
depending upon patient wishes. In pediatric patients,
outcomes for the standard and adverse risk groups are
generally better than in adults, such that relatively few
children are considered candidates for transplant infirst
complete remission.

There are several limitations in the use of karyo-
type as the sole risk stratification tool to determine
treatment approach. These include failed cytogenetic
analyses, presence of cryptic chromosomal rearrange-
ments, and notably because of the substantial propor-
tion of AML cases with normal karyotype, now known
to be highly heterogeneous at the molecular level [32].
Therefore, as detailed above, in patients entered into
clinical trials and those who are eligible for allogeneic
transplantation, cytogenetics is increasingly being
complemented by targeted molecular screening to pre-
dict outcome and inform treatment strategy
(Table 8.3).

Having excluded a diagnosis of APL or CBF leuke-
mia, molecular screening for NPM1 and FLT3-ITD
mutations can identify patients with favorable

(NPMc positive/FLT3-ITD negative) and very poor
(NPM1 wild type/FLT3-ITD positive) prognoses, sim-
ilar to those observed in patients with CBF leukemia
and adverse karyotype, respectively (Figure 8.7). In the
absence of FLT3-ITD, presence of CEBPA mutation
(particularly affecting both alleles) also predicts a
favorable outcome similar to that of CBF leukemia
[32]. These observations have led to suggestions that
AML patients with unmutated FLT3 in the presence of
NPM1 or biallelic CEBPA mutations (which between
them account for 23% of younger adults with AML)
may represent a further group of patients whomay not
benefit from routine use of allogeneic transplant in
first complete remission [28,32]. Conversely, in non-
APL, non-CBF AML patients with FLT3-ITD and
wildtype NPM1 and CEBPA, a number of groups
advocate the use of allogeneic transplant in first remis-
sion given their poor prognosis with conventional
therapy (reviewed in [32]).

Investigational assays
The ever-increasing number of molecular markers
identified in AML presents an ongoing challenge to
determine which provide information of therapeutic
and independent prognostic relevance, once other

Table 8.5. Pre-treatment cytogenetic andmolecular entities shown to predict disease outcome inmultivariable analysis studies conducted in
younger adults [32,65].

Cytogenetic/molecular abnormality Comments

Favorable t(15;17)(q22;q12~21);PML-RARA
t(8;21)(q22;q22);RUNX1-RUNX1T1
inv(16)(p13q22)/t(16;16)(p13;q22);CBFB-MYH11
NPM1 mutant/FLT3-ITD neg, WT1 wild type
CEBPA mutant (biallelic, FLT3-ITD negative)

Irrespective of additional cytogenetic abnormalities

Intermediate Entities not classified as favorable or adverse

Adverse abn(3q) [excluding t(3;5)(q21~25;q31~35)],
inv(3)(q21q26)/t(3;3)(q21;q26);EVI-1 expression
add(5q), del(5q), −5
−7, add(7q), del(7q)
t(6;11)(q27;q23), t(10;11)(p11~13;q23), other t(11q23)
[excluding t(9;11)(p21~22;q23) and t(11;19)(q23;p13)]
t(9;22)(q34;q11),
−17, abn(17p) with other changes
Complex (>3 unrelated abnormalities)

Excluding cases with favorable karyotype

FLT3-ITD In absence of favorable karyotype.
Particularly poor prognosis with high level FLT3-ITD
mutant ratio or if FLT3-ITD accompanied byWT1mutation

MLL-PTD
RUNX1mutation
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well-established pre-treatment factors are taken into
account. Mutations in the N- and K-RAS genes are
common in AML but do not impact upon prognosis
and are not helpful in predicting response to the farnesyl
transferase inhibitor tipifarnib (reviewed in [1,14]).
Mutation of the RUNX1 gene occurs in ~3% of AML
and is particularly associated with trisomy 13, trisomy
21 and cases with minimal differentiation [1]. PTPN11
(encoding SHP-2) is mutated in ~4% and associated
with monocytic leukemia and monosomy 7 [1].
Studies are in progress to assess the value of molecular
screening for mutations in the IDH1 and IDH2 genes.
Mutations in cKIT are present in ~3% of AML and are
associated with trisomy 4 and CBF leukemia; in the
latter group they have been associated with a poor
prognosis and are therapeutically relevant, leading to
the evaluation of tyrosine kinase inhibitors within the
context of clinical trials [35]. Partial tandem duplica-
tions of MLL (MLL-PTD) predict a poor outcome and
may become relevant for molecularly targeted therapies
in the future [14]. Adverse outcome has also been asso-
ciated with over-expression of a number of genes
including BAALC, EVI1, MN1 and ERG (reviewed in
[14,32]). While over-expression of EVI1 can be associ-
ated with cytogenetically cryptic 3q26 abnormalities [5],
the molecular basis of upregulation of other genes
which have been associated with poorer prognosis
remains poorly understood. Since the level of expres-
sion of these markers appears to be a continuum in
AML, “up-regulation” has been defined variously on the
basis of expression levels falling within the upper quar-
tile or above the median. As such, cases with very
similar levels of expression and comparable outcomes
could just straddle the cut-point and end up being
assigned to different risk groups. Given this limitation,
establishing the clinical utility of such markers as tools
to achieve greater individualization of patient care will
necessitate:

1. Setting of robust validated expression thresholds
relative to standard housekeeping genes (e.g. ABL),
and

2. Evidence that these defined thresholds refine
outcome prediction after allowing for cytogenetics
and the mutation status of NPM1, FLT3-ITD and
CEBPA.

It is possible that the relative expression of some of
these markers reflect differences in the nature of the
hematopoietic progenitors subject to leukemic

transformation, and/or the characteristics and relative
size of the leukemic stem cell compartment.

Immunophenotypic profiles of the leukemic
population may provide similar prognostic infor-
mation. Previous studies have shown that BCL2/
BAX ratio and drug resistance protein expression
are predictive of treatment response and risk of
relapse [32]. Similarly, poor outcomes have been
observed in AML with a relatively large early pro-
genitor population defined by a CD34+/CD38−
phenotype [54]. These parameters may become
increasingly relevant as newer agents that modulate
drug resistance or target the leukemic stem cell pool
become available. Expression of factors that may
relate to interactions of leukemic cells with the
bone marrow microenvironment (e.g. VEGF,
CXCR4, reviewed in [55]) or gene variants that
influence drug handling have also been found to
impact on outcome. However, their relationship to
other well-established prognostic factors is poorly
defined and hence their clinical utility remains to be
established.

A number of studies have highlighted the poten-
tial of microarrays to evaluate expression of mRNA
transcripts or microRNAs as a tool to distinguish
subgroups of patients with differing prognosis
(reviewed in [56]). These platforms have shown
their capacity to identify well-recognized cytogeneti-
cally or molecularly defined subsets of leukemia, such
as those with t(15;17);PML-RARA [56]. A key ques-
tion is whether these approaches will realize their
promise to identify targets or discrete constellations
of novel markers that distinguish patients at differing
risk of relapse and which are:

1. Independent of well-established prognostic
factors.

2. Can be accurately measured in a robust fashion.
3. Validated in independent data sets.

Given the considerable challenges relating to the per-
formance of microarrays and conduct of the down-
stream bioinformatic analyses in a standardized
fashion, these technologies appear unlikely to shape
the way individual AML patients will be treated in the
very near future. Similarly, in the absence of clinically
available drug resistancemodulators, assays evaluating
p-glycoprotein activity and other resistance pathways
remain investigational.
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Disease monitoring: detection
of minimal residual disease
Response to induction therapy has long been recog-
nized as a major independent prognostic factor in
AML, predicting risk of relapse and overall survival,
leading to the development of standardized
response criteria [57]. While the percentage of
residual leukemic blasts following induction has
been used to refine risk stratification, morphological
appearances can be difficult to interpret. To provide
a more objective and sensitive approach to assess
treatment response to induction therapy numerous
studies have applied flow cytometry or real-time
quantitative PCR (RQ-PCR) to detect minimal
residual disease (MRD). The former depends upon
the characterization of an aberrant “leukemia-
associated immunophenotype” (LAIP) of the blast
population at diagnosis, which can be defined in
over 90% of AML cases (reviewed in [47]). LAIPs
have traditionally been classified into three groups,
although there is overlap between the last two.
These are:

1. Cross-lineage expression of lymphoid antigens on
myeloid cells.

2. Asynchronous expression of antigens, e.g. blast
cells express antigens that are normally present on
mature myeloid cells.

3. Under- or over-expression of antigens.

Defined LAIPs differ in their specificity and thus sen-
sitivity; cross-lineage expression of lymphoid antigens
usually provides the highest specificity. Typically flow
cytometry can detect ~1 AML cell in 1000–10 000
normal bone marrow cells. The sensitivity depends
on the upper level of frequency of rare cells of identical
phenotype in normal and regenerating marrow.

The RQ-PCR approach relies on the detection of:

1. Leukemia-specific targets, including:
a. Fusion genes, e.g. PML-RARA, RUNX1-

RUNX1T1 and CBFB-MYH11.
b. Mutations, e.g. mutant NPM1.

2. Transcripts that are commonly upregulated in
AML, particularly WT1 [47].

Standardized RQ-PCR assays for these various AML
targets have been developed by laboratories participa-
ting in the Europe Against Cancer (EAC) and
European LeukemiaNet programs [58–60]. The EAC

group also undertook a systematic evaluation of
housekeeping genes to allow reliable normalization
of MRD results, with ABL emerging as the preferred
reference gene [59]. For RQ-PCR assays detecting
NPM1 mutations or fusion gene transcripts, maximal
sensitivities range between 1 in 103–106 depending
upon the relative level of expression (as compared
with the housekeeping gene) that may vary between
molecular subtypes of AML and cases with the same
target (reviewed in [47]). The establishment of a stand-
ardized WT1 assay [60] is relevant to assess responses
to novel WT1-targeted therapies that are now entering
early phase clinical trials. MRD monitoring strategies
using WT1 need to take into account that transcripts
can be detected in normal marrow and to a lesser
extent peripheral blood. This suggests that RQ-PCR
assays using this target may be most informatively
deployed to measure early treatment responses, rather
than providing a sensitive “universal marker” for
MRD detection, as had originally been hoped [47,60].

Retrospective studies using RQ-PCR detection of
WT1 transcripts (evaluable in ~45% of AML patients)
or flow cytometry to assess reduction in leukemic
burden following induction and consolidation therapy
have shown that both approaches can distinguish
patients at differing risk of relapse within cytogenetic
risk groups (Figure 8.8a); they retain their prognostic
significance when other factors such as age and type of
AML (de novo/secondary) are taken into account
[47,60,61]. Studies using RQ-PCR have also consis-
tently shown that response kinetics are predictive of
risk of subsequent relapse in CBF leukemias, although
the relationship to other prognostic factors such as
presenting leukocyte count and KIT mutation status
remains unclear (reviewed in [47]).

In addition to investigating the potential of MRD
detection to provide a risk stratification tool, longitu-
dinal monitoring may provide early warning of
impending relapse, allowing the opportunity for pre-
emptive therapy (Figure 8.8b). This approach has been
most extensively studied in APL in which molecular
monitoring for residual disease has now been intro-
duced into routine clinical practice. Notably, the
International Working Group for development of
standardized response criteria in AML included rec-
ognition of achievement of molecular remission as
a critical therapeutic goal in the management of APL
[57]. Indeed, in the Medical Research Council (MRC)
AML15 trial sequential monitoring using the stand-
ardized EAC PML-RARA RQ-PCR assay was shown to
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Figure 8.8. Strategies for use of minimal residual disease detection to direct treatment of AML.
a. Application of MRD assessment at early time-points during treatment to provide a risk stratification tool. Patients with slow kinetics of disease
response as determined by flow cytometry [61] or RQ-PCR (detecting WT1 transcripts [60]) exhibit an increased rate of subsequent relapse.

b. RQ-PCR may also be applied for sequential MRD monitoring, identifying patients with persistent PCR positivity or molecular relapse, allowing
pre-emptive therapy to prevent clinical relapse. This strategy has been successfully used in the management of APL [62].
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provide the strongest predictor of relapse, far superior
in multivariable analyses to presenting leukocyte
count [62], which has traditionally been used to pro-
vide the framework for risk-stratified treatment
approaches in this subtype of AML [45]. Evidence to
date suggests that sequential MRD monitoring to
direct pre-emptive therapy can reduce rates of frank
relapse and improve survival in APL [45,62]. Analysis
of paired blood and marrow samples using the stand-
ardized EAC RQ-PCR assay has shown that the latter
sample source affords approximately 1.5 log greater
sensitivity for detection of MRD than blood [62];
therefore use of blood for MRD assessment is not
recommended [45]. Taking into account that the
EAC PML-RARA assay usually affords a sensitivity of
1 in 104 when applied to patient marrow samples, and
considering that fusion transcripts typically rise by ~1
log per month in relapsing patients, to predict relapse
and have sufficient time to deliver pre-emptive therapy
to prevent relapse, marrow samples should be taken at
the end of consolidation and at 3-month intervals for
~36 months. Timing of the next MRD assessment
should be brought forward if the previous sample
was sub-optimal (i.e. failed to afford a sensitivity of
at least 1 in 104), or yielded equivocal results [45,62]. If
PCR positivity is detected, a bone marrow aspirate
should be repeated within 2 weeks and samples sent
to two laboratories (to be tested by RQ-PCR and FISH)
[44,45]. Should PCR positivity be detected in the
repeat samples with a stable or rising PML-RARA
level and confirmed in an independent laboratory,
the patient is deemed to be in “molecular relapse”
and immediate therapeutic intervention (e.g. with
ATO) is indicated to prevent relapse [45].

While MRD monitoring has been widely applied
in APL and is assuming greater importance as
de-intensified molecularly targeted approaches are
being investigated, the clinical utility of MRD moni-
toring in other subsets of AML remains to be firmly
established. A recent large German study has shown
that RQ-PCR detection ofNPM1mutations provides a
powerful independent predictor of disease relapse
[52]. Clinical trials are in progress to assess the use of
sequential MRDmonitoring by RQ-PCR assay in CBF
leukemia to direct additional therapy, such as KIT
inhibitors and allogeneic transplantation. A major
challenge for large-scale clinical trials is to establish
optimal MRD monitoring schedules and determine
predictive thresholds of MRD at particular time-
points. This is fundamental to addressing the key

question as to whether MRD assessment can identify
in a more reliable fashion those patients most (and
least) likely to benefit from allogeneic transplantation
as compared to traditional prognostic factors and
whether MRD-directed therapy can lead to meaning-
ful improvements in clinical outcome.

Laboratory assessment of relapsed
disease and in patients undergoing
stem cell transplantation
In patients with recurrence of AML and who are fit for
salvage therapy, laboratory assessment is valuable to:

1. Distinguish true relapse with recurrence of the
original leukemic clone from secondary MDS/
AML induced by first-line anti-leukemic therapy.

2. Help inform therapy.
3. Predict outcome.

Laboratory assessment should include cytogenetic
analysis, flow cytometry and banking of material for
molecular analysis. Cytogenetic findings at relapse, the
timing of relapse following first-line therapy, patient
age and performance status all have a critical bearing
on disease outcome (reviewed in [63]).

In patients who are candidates for transplantation,
MRD detection is increasingly being applied to guide
treatment, with studies in PML-RARA+ APL again
providing proof of principle. In patients with relapsed
APL, achievement of further molecular remission is
critical for any chance of cure of the disease.
Autologous transplantation can provide an effective
approach to consolidation in APL patients achieving
molecular remission and in whom a satisfactory PCR-
negative harvest can be obtained [45]. For patients
who fail to achieve molecular remission with salvage
therapy, allogeneic transplantation is the preferred
treatment approach [45]. In APL patients, sequential
MRD monitoring following transplant can be helpful
in guiding the need for further treatment intervention,
for example with ATRA and ATO. In allografted
patients with any subtype of AML, there is also scope
to treat residual or recurrent disease with relaxation of
immune suppression and donor leukocyte infusion.
Based upon the experience in chronic myelogenous
leukemia, this approach is most likely to be effective
when applied in the context of minimal residual dis-
ease rather than in clinical relapse. Preliminary data
using a range of MRD targets are very encouraging
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(reviewed in [64]) and with the development of more
sensitive chimerism assays it may become increasingly
possible to refine immunotherapy according to the
needs of the individual patient and reduce risk of
disease relapse.

Concluding remarks
In addition to the expansion of the repertoire of assays
used to evaluate newly diagnosed patients with AML,
the next few years are likely to see more widespread use
of MRD assessment to determine treatment approach
[66,67]. For patients with fusion gene transcripts, RQ-
PCR provides the most reliable methodology and
international efforts are underway to establish optimal
time-points for MRD sampling and thresholds of
fusion gene expression that are predictive of long-
term outcome. A key challenge is to determine the
most appropriate way to monitor patients who lack a
suitable fusion gene marker, whether by RQ-PCR
detection of genes which are typically over-expressed
in AML or by use of flow cytometry. It is clear that the
leukemia laboratory is set to play an ever-increasingly
important role in optimizing and individualizing the
management of patients with AML.

Acknowledgments
The author gratefully acknowledges Leukaemia and
Lymphoma Research of Great Britain and the
National Institute for health Research (NIHR) for
support of minimal residual disease studies in the
UK National Cancer Research Institute AML trials.
Support of the Minimal Residual Disease
Workpackage (WP12) of the European LeukemiaNet
is also gratefully acknowledged. The author wishes to
thank Dr. Robert Hills for helpful discussions and
preparation of the figures.

References
1. Grimwade D. Impact of cytogenetics on clinical

outcome in AML. In Karp, JE (ed.), Acute Myelogenous
Leukemia. Totowa, NJ: Humana Press; 2007: 177–92.

2. Mitelman Database of Chromosome Aberrations in
Cancer (2009). Mitelman F, Johansson B, Mertens F
(eds.), http://cgap.nci.nih.gov/Chromosomes/
Mitelman

3. Rosenbauer F, Tenen DG. Transcription factors in
myeloid development: balancing differentiation with
transformation. Nat Rev Immunol 2007;7:105–17.

4. Grimwade D, Mistry AR, Solomon E, Guidez F. Acute
promyelocytic leukemia: A paradigm for
differentiation therapy. Cancer Treat Res, 2009;145:
219–35

5. Lugthart S, van Drunen E, van Norden Y et al. High
EVI1 levels predict adverse outcome in acute myeloid
leukemia: prevalence of EVI1 overexpression and
chromosome 3q26 abnormalities underestimated.
Blood 2008;111:4329–37.

6. Guidez F, Zelent A. Role of nuclear receptor
corepressors in leukemogenesis. Curr Top Microbiol
Immunol 2001;254:165–85.

7. Plass C, Oakes C, Blum W, Marcucci G. Epigenetics
in acute myeloid leukemia. Semin Oncol 2008;35:
378–87.

8. Harper DP, Aplan PD. Chromosomal rearrangements
leading to MLL gene fusions: clinical and biological
aspects. Cancer Res 2008;68:10024–7.

9. Moore MA, Chung KY, Plasilova M et al. NUP98
dysregulation in myeloid leukemogenesis. Ann N Y
Acad Sci 2007;1106:114–42.

10. Caligiuri MA, Strout MP, Oberkircher AR et al. The
partial tandem duplication of ALL1 in acute myeloid
leukemia with normal cytogenetics or trisomy 11 is
restricted to one chromosome. Proc Natl Acad Sci USA
1997;94:3899–902.

11. Liu TX, Becker MW, Jelinek J et al. Chromosome 5q
deletion and epigenetic suppression of the gene
encoding alpha-catenin (CTNNA1) in myeloid cell
transformation. Nat Med 2007;13:78–83.

12. Ebert BL, Pretz J, Bosco J et al. Identification of RPS14
as a 5q- syndrome gene by RNA interference screen.
Nature 2008;451:335–9.

13. Ebert BL. Deletion 5q in myelodysplastic syndrome: a
paradigm for the study of hemizygous deletions in
cancer. Leukemia 2009;23:1252–6.

14. Mrózek K, Marcucci G, Paschka P, Whitman SP,
Bloomfield CD. Clinical relevance of mutations and
gene-expression changes in adult acute myeloid
leukemia with normal cytogenetics: are we ready for a
prognostically prioritized molecular classification?
Blood 2007;109:431–48.

15. Scholl C, Gilliland DG, Fröhling S. Deregulation of
signaling pathways in acute myeloid leukemia. Semin
Oncol 2008;35:336–45.

16. Mead AJ, Linch DC, Hills RK et al. FLT3 tyrosine
kinase domain mutations are biologically distinct
from and have a significantly more favorable
prognosis than FLT3 internal tandem duplications
in patients with acute myeloid leukemia. Blood
2007;110:1262–70.

8 Acute myeloid leukemia

167



17. Bacher U, Haferlach C, Kern W et al. Prognostic
relevance of FLT3-TKD mutations in AML: the
combination matters – an analysis of 3082 patients.
Blood 2008;111:2527–37.

18. Whitman SP, Ruppert AS, Radmacher MD et al. FLT3
D835/I836 mutations are associated with poor disease-
free survival and a distinct gene-expression signature
among younger adults with de novo cytogenetically
normal acute myeloid leukemia lacking FLT3
internal tandem duplications. Blood
2008;111:1552–9.

19. Whitman SP, Archer KJ, Feng L et al. Absence of the
wild-type allele predicts poor prognosis in adult de
novo acute myeloid leukemia with normal cytogenetics
and the internal tandem duplication of FLT3: a Cancer
and Leukemia Group B study. Cancer Res
2001;61:7233–9.

20. Thiede C, Steudel C, Mohr B et al. Analysis of FLT3-
activating mutations in 979 patients with acute
myelogenous leukemia: association with FAB subtypes
and identification of subgroups with poor prognosis.
Blood 2002;99:4326–35.

21. Gale RE, Green C, Allen C et al. The impact of FLT3
internal tandem duplication mutant level, number,
size, and interaction with NPM1 mutations in a large
cohort of young adult patients with acute myeloid
leukemia. Blood 2008;111:2776–84.

22. Fitzgibbon J, Smith LL, Raghavan M et al. Association
between acquired uniparental disomy and
homozygous gene mutation in acute myeloid
leukemias. Cancer Res 2005;65:9152–4.

23. Falini B, Mecucci C, Tiacci E et al. Cytoplasmic
nucleophosmin in acute myelogenous leukemia
with a normal karyotype. New Engl J Med
2005;352:254–66.

24. Falini B, Nicoletti I, Martelli MF, Mecucci C. Acute
myeloid leukemia carrying cytoplasmic/mutated
nucleophosmin (NPMc+ AML): biologic and clinical
features. Blood 2007;109:874–85.

25. Haferlach C, Mecucci C, Schnittger S et al. AML with
mutated NPM1 carrying a normal or aberrant
karyotype show overlapping biological, pathological,
immunophenotypic, and prognostic features. Blood
2009;114:3024–32.

26. Pabst T, Eyholzer M, Haefliger S et al. Somatic
CEBPA mutations are a frequent second event in
families with germline CEBPA mutations and
familial acute myeloid leukemia. J Clin Oncol
2008;26:5088–93.

27. Figueroa ME, Wouters BJ, Skrabanek L et al. Genome-
wide epigenetic analysis delineates a biologically
distinct immature acute leukemia with myeloid/
T-lymphoid features. Blood 2009;113:2795–804.

28. Schlenk RF, Döhner K, Krauter J et al. Mutations and
treatment outcome in cytogenetically normal acute
myeloid leukemia. New Engl J Med 2008;358:1909–18.

29. Marcucci G, Maharry K, Radmacher MD et al.
Prognostic significance of, and gene and microRNA
expression signatures associated with, CEBPA
mutations in cytogenetically normal acute myeloid
leukemia with high-risk molecular features: a Cancer
and Leukemia Group B Study. J Clin Oncol
2008;26:5078–87.

30. Wouters BJ, Löwenberg B, Erpelinck-Verschueren CA
et al. Double CEBPA mutations, but not single CEBPA
mutations, define a subgroup of acute myeloid
leukemia with a distinctive gene expression profile that
is uniquely associated with a favorable outcome. Blood
2009;113:3088–91.

31. Green CL, Koo KK, Hills RK et al. Prognostic
significance of CEBPA mutations in a large cohort of
younger adult patients with acute myeloid leukemia.
Impact of double CEBPA mutations and the
interaction with FLT3 and NPM1 mutations. J Clin
Oncol 2010;28:2739–47.

32. Grimwade D, Hills RK. Independent prognostic factors
for AML outcome. Hematology Am Soc Hematol Educ
Program 2009; 385–95.

33. Abdel-Wahab O, Mullally A, Hedvat C et al. Genetic
characterization of TET1, TET2, and TET3 alterations
in myeloid malignancies. Blood 2009;114:144–7.

34. Delhommeau F, Dupont S, Della Valle V et al.
Mutation in TET2 in myeloid cancers. New Engl J Med
2009;360:2289–301.

35. Mrózek K, Marcucci G, Paschka P, Bloomfield CD.
Advances in molecular genetics and treatment of core-
binding factor acute myeloid leukemia. Curr Opin
Oncol 2008;20:711–18.

36. Swerdlow SH, Campo E, Harris NL et al. (eds.).World
Health Organization Classification of Tumours of
Haematopoietic and Lymphoid Tissues, 4th edn. Lyon:
IARC Press; 2008.

37. Owen C, Barnett M, Fitzgibbon J. Familial
myelodysplasia and acute myeloid leukaemia – a
review. Br J Haematol 2008;140:123–32.

38. Dokal I, Vulliamy T. Inherited aplastic anaemias/bone
marrow failure syndromes. Blood Rev 2008;22:141–53.

39. de Winter JP, Joenje H. The genetic and molecular
basis of Fanconi anemia. Mutat Res 2009;668:11–19.

40. Estey E, Döhner H. Acute myeloid leukaemia. Lancet
2006;368:1894–907.

41. Godley LA, Larson RA. Therapy-related myeloid
leukemia. Semin Oncol 2008;35:418–29.

42. Bennett JM, Catovsky D, Daniel MT et al. Proposed
revised criteria for the classification of acute myeloid

2 Hematological malignancies

168

ot
ag

o|
V

kr
nH

M
8e

tH
7A

PQ
aF

D
m

7u
JQ

=
=

|1
31

45
22

83
8



leukemia. A report of the French-American-British
Cooperative Group. Ann Intern Med 1985;103:620–5.

43. Jaffe ES, Harris NL, Stein H, Vardiman JW (eds.).
World Health Organization Classification
of Tumours: Pathology and Genetics of Tumours of
Haematopoietic and Lymphoid Tissues. Lyon: IARC
Press; 2001.

44. Milligan DW, Grimwade D, Cullis JO et al. Guidelines
on the management of acute myeloid leukaemia in
adults. Br J Haematol 2006;135:450–74.

45. Sanz MA, Grimwade D, Tallman MS et al.
Management of acute promyelocytic leukemia:
recommendations from an expert panel on behalf
of the European LeukemiaNet. Blood
2009;113:1875–91.

46. Döhner H, Estey EH, Amadori S et al. Diagnosis and
management of acute myeloid leukemia in adults:
recommendations from an international expert panel,
on behalf of the European LeukemiaNet. Blood
2010;115:453–74.

47. Freeman SD, Jovanovic JV, Grimwade D. Development
of minimal residual disease directed therapy in acute
myeloid leukemia. Semin Oncol 2008;35:388–400.

48. Pinto FO, Leblanc T, Chamousset D et al. Diagnosis of
Fanconi anemia in patients with bone marrow failure.
Haematologica 2009;94:487–95.

49. van Dongen JJM, Macintyre EA, Gabert JA et al.
Standardized RT-PCR analysis of fusion gene
transcripts from chromosome aberrations in acute
leukemia for detection of minimal residual disease.
Leukemia 1999;13:1901–28.

50. Metzgeroth G, Walz C, Score J et al. Recurrent finding
of the FIP1L1-PDGFRA fusion gene in eosinophilia-
associated acute myeloid leukemia and lymphoblastic
T-cell lymphoma. Leukemia 2007;21:1183–8.

51. Gulley ML, Shea TC, Fedoriw Y. Genetic tests to
evaluate prognosis and predict therapeutic
response in acute myeloid leukemia. J Mol Diagn
2010;12:3–16.

52. Schnittger S, Kern W, Tschulik C et al. Minimal
residual disease levels assessed by NPM1 mutation
specific RQ-PCR provide important prognostic
information in AML. Blood 2009;114:2220–31.

53. Schlenk RF, Döhner K, Kneba M et al. Gene mutations
and response to treatment with all-trans retinoic acid in
elderly patients with acute myeloid leukemia. Results
from the AMLSG Trial AML HD98B. Haematologica
2009;94:54–60.

54. van Rhenen A, Feller N, Kelder A et al. High stem cell
frequency in acute myeloid leukemia at diagnosis
predicts high minimal residual disease and poor
survival. Clin Cancer Res 2005;11:6520–7.

55. Lane SW, Scadden DT, Gilliland DG. The leukemic
stem cell niche – current concepts and therapeutic
opportunities. Blood 2009;114:1150–7.

56. Wouters BJ, Löwenberg B, Delwel R. A decade of
genome-wide gene expression profiling in acute myeloid
leukemia: flashback and prospects.Blood 2009;113:291–8.

57. Cheson BD, Bennett JM, Kopecky KJ et al. Revised
recommendations of the InternationalWorking Group
for Diagnosis, Standardization of Response Criteria,
Treatment Outcomes, and Reporting Standards for
Therapeutic Trials in Acute Myeloid Leukemia. J Clin
Oncol 2003;21:4642–9.

58. Gabert JA, Beillard E, van der Velden VHJ et al.
Standardization and quality control studies of ‘real-
time’ quantitative reverse transcriptase polymerase
chain reaction of fusion gene transcripts for residual
disease detection in leukemia – a Europe Against
Cancer program. Leukemia 2003;17:2318–57.

59. Beillard E, Pallisgaard N, van der Velden VHJ et al.
Evaluation of candidate control genes for diagnosis and
residual disease detection in leukemic patients using
‘real-time’ quantitative reverse-transcriptase
polymerase chain reaction (RQ-PCR) – a Europe
Against Cancer program. Leukemia 2003;17:2474–86.

60. Cilloni D, Renneville A, Hermitte F et al. Real-time
quantitative PCR detection of minimal residual disease
by standardized WT1 assay to enhance risk
stratification in acute myeloid leukemia: A European
LeukemiaNet study. J Clin Oncol 2009;27:5195–201.

61. Maurillo L, Buccisano F, Del Principe MI et al. Toward
optimization of postremission therapy for residual
disease-positive patients with acute myeloid leukemia. J
Clin Oncol 2008;26:4944–51.

62. Grimwade D, Jovanovic JV, Hills RK et al. Prospective
minimal residual disease monitoring to predict relapse
of acute promyelocytic leukemia and to direct pre-
emptive arsenic trioxide therapy. J Clin Oncol
2009;27:3650–8.

63. Craddock C, Tauro S, Moss P, Grimwade D. Biology
and management of relapsed acute myeloid leukaemia.
Br J Haematol 2005;129:18–34.

64. Bacher U, Zander AR, Haferlach T et al. Minimal
residual disease diagnostics in myeloid malignancies in
the post transplant period. Bone Marrow Transplant
2008;42:145–57.

65. Grimwade D, Hills RK,Moorman AV et al. Refinement
of cytogenetic classification in acute myeloid leukemia:
determination of prognostic significance of rare
recurring chromosomal abnormalities among 5876
younger adult patients treated in the United Kingdom
Medical Research Council trials. Blood
2010;116:354–65.

8 Acute myeloid leukemia

169



66. Rubnitz JE, Inaba H, Dhal G et al. Minimal residual
dieases-directed theropy for childhood acute myeloid
leukemia: results of the AML02 multicentre trial.
Lancet Oncol 2010;11:543–52.

67. Corbacioglu A, Scholl C, Schlenk RF et al. Prognostic
impact of minimal residual dieases in CBFB-MYH11-
positive acute myeloid leukemia. J Clin Oncol 2010
Jul 12 [Epub ahead of print].

2 Hematological malignancies

170



9 Mature B-cell leukemias
Constantine S. Tam and Michael J. Keating

Introduction
The mature B-cell leukemias are a pathologically
diverse group of diseases that share commonalities in
clinical presentation and behavior. Early stage patients
are often diagnosed incidentally on a routine complete
blood count and blood film, whereas advanced stage
patients present with lymphadenopathy, organomegaly,
bone marrow infiltration and cytopenias. All of these
leukemias are considered “indolent” in that they tend to
progress relatively slowly (over months to years), and
all are currently incurable with conventional therapy
but are often exquisitely sensitive to the graft-versus-
leukemia effect of allogeneic stem cell transplantation.

Precise classification of mature B-cell leukemias is
important as each entity confers a different prognosis
and requires individual treatment approaches. Most

mature B-cell lymphomas can be defined using morpho-
logical and immunophenotypic markers. More recently,
with the discovery of recurrent cytogenetic and molec-
ular genetic rearrangements in individual leukemia
subtypes, it has become possible to fine-tune the classi-
fication of mature B-cell leukemias using genetic fea-
tures. The majority of this chapter will be devoted to
the discussion of chronic lymphocytic leukemia (CLL),
the most common mature B-cell leukemia (Figure 9.1),
which serves as the prototypical disease in this category.

Chronic lymphocytic leukemia

Clinical example
A 56-year-old man presented for a routine physical
examination. A full blood examination was requested
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Figure 9.1. Incidence of mature B-cell leukemias in Western populations. Note that the incidence given for follicular lymphoma (FL), mantle cell
lymphoma (MCL) andmarginal zone lymphoma (MZL) include both nodal and leukemic presentations (modified fromMorton et al. [1]). CLL/SLL,
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and showed a lymphocytosis of 18 × 109/L. A repeat test
four weeks later showed the lymphocytosis to persist.
How should this patient be evaluated?

Chronic lymphocytic leukemia is the most common
adult leukemia in the Western world, with an annual
incidence of approximately 5 per 100 000 persons in
the USA, being similar between white Americans and
African–Americans [1]. Curiously, CLL is rare in orien-
tal populations, accounting for less than 5% of adult
leukemias in China [2]. The mean age of presentation
is 65 years, and there is amale predominance with amale
: female ratio of approximately 1.5–2.0.

Establishing the diagnosis
Morphology: Morphologically, CLL cells are typically
bland, small lymphocytes with clumped chromatin and
scanty cytoplasm (Figure 9.2a). “Smudge,” “smear” or
“basket” cells are often present andmay be prognostically
important [3]. Increased numbers of prolymphocytes
(Figure 2b) has been historically associated with aggres-
sive disease: patients with >55% prolymphocytes are
considered B-cell prolymphocytic leukemia (see below),
whereas “typical CLL” is associated with <10% prolym-
phocytes [4]. Patients with 10–55% prolymphocytes have
intermediate disease features and are traditionally classi-
fied as “CLL/PLL”; within the context of clinical trials
and modern treatment algorithms these patients are
generally managed as if they have typical CLL.

Atypical morphology in CLL is not uncommon
and may include larger forms with less condensed
chromatin and nuclear irregularities; these findings
may be particularly common in patients with trisomy
12. Because of this variation in disease morphology, in
modern practice, CLL is most commonly defined by its
characteristic immunophenotype.

The bone marrow infiltrate in CLL may be inter-
stitial, nodular or diffuse (“packed”). The cytological
features of the neoplastic cells are comparable to that
seen in the blood or bone marrow aspirate, i.e. small
cells with a high nuclear : cytoplasmic ratio and con-
densed nuclear chromatin. Larger cells may be present
and these are the proliferation centers of the CLL
(Figure 9.3). Immunocytochemistry can be performed
on the bone marrow biopsy to demonstrate the CLL
phenotype (see below).

Immunophenotype: Flow cytometry of the peripheral
blood is the most common method for confirming

a diagnosis of CLL. The typical immunophenotypic
profile for CLL is that of a mature B-cell (CD19-and
CD79a-positive) with aberrant CD5 expression, CD23
positivity and dim expression of CD20 and surface
immunoglobulin [5] (Figure 9.4). CD43 is usually
positive. CD79b and FMC7 are absent or weakly
expressed. CD23 expression is of importance as the
major differential diagnosis of a CD5-positive mature
B-cell leukemia is mantle cell lymphoma in leukemic
phase (see below), which is typically CD23 negative.

Matutes et al. proposed the use of a scoring system
to differentiate CLL from other mature B-cell leuke-
mias [6]. This system initially used five markers for
features typical of CLL:

1. CD5 positivity.
2. CD23 positivity.
3. FMC7 negativity.
4. Weak expression of surface immunoglobulin.
5. Weak or absent expression of CD22.

In a large cohort of cases with a variety of circulating
B-leukemia or B-lymphoma cells, 87% of patients with
CLL were found to have scores of 4 or 5, whereas 89%
and 72% of other B-leukemias and B-lymphomas had
scores of 0 or 1, respectively [6]. A later refinement
of this scoring system replaced CD22 with CD79b
(typically absent in CLL), and broadened the criteria
for defining CLL to 3–5 points [7]. This refinement
improved diagnostic accuracy from 91.8–96.8% [7].

In CLL in transition to B-PLL (CLL/PLL), there
may be two distinct populations on flow cytometry,
with the B-PLL population being larger and showing
brighter expression of CD20 and surface immunoglo-
bulin. In contrast to de novo B-PLL, which is usually
CD5-negative, transformed prolymphocytes in CLL/
PLL often retain CD5 expression [5]. “Atypical” CLL
(as defined by the “Matutes score”) may be CD23-
negative or show increased expression of surface
immunoglobulin, FMC7 and/or CD20; these cases
may be associated with the trisomy 12 cytogenetic
abnormality [8].

The typical flow cytometry panel for CLLwill include
a tube assessing the co-expression of CD19 and CD38,
an important prognostic indicator (see below).

Cytogenetic and molecular genetic features:
Cytogenetic studies in CLL have traditionally been
hampered by the low mitotic activity of the tumor
cells in vitro. In a large study of peripheral blood
mononuclear cell karyotyping in 433 patients with
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Figure 9.2. Morphological features of mature B-cell neoplasms.
a. CLL: Tumor cells are small lymphocytes with clumped chromatin and scanty cytoplasm. Note the presence of “smudge” cells.
b. B-PLL: Prolymphocytes are twice the size of mature lymphocytes, with condensed chromatin and a single prominent nucleolus.
c. HCL: Hairy cells can be scanty in the blood, but have a distinctive appearance with abundant, weakly basophilic or gray cytoplasm with
circumferential “hairy” projections and an oval or bean-shaped nucleus displaying homogeneous, moderately clumped chromatin.

d. Follicular lymphoma: Lymphoma cells are small cells, with a high nuclear : cytoplasmic ratio, condensed homogeneous chromatin and a
characteristic fine nuclear cleft.

e. Mantle cell lymphoma. The lymphoma cells are pleomorphic with both small- and medium-sized forms present, and a variety of nuclear
morphology.

f. Lymphoplasmacytic lymphoma. Circulating lymphoplasmacytoid cells and background rouleaux due to paraprotein.
Photographs courtesy of Dr. A George, St Vincent’s Pathology, Melbourne, Victoria, Australia.



CLL, clonal abnormalities were identified in only
50% [9]. Thus, the field of CLL genetics was slow to
progress until the widespread availability of fluor-
escent in situ hybridization (FISH) probes for com-
mon cytogenetic aberrations [10]; this showed
that approximately 80% of CLL samples harbor one
or more karyotypic aberration. This high aberra-
tion rate has since been confirmed by modern
cultivation techniques (using an immuno-stimulatory

CpG-oligonucleotide and IL-2) capable of generating
metaphases from > 98% of tested samples [11].

Cytogenetic features are most useful in prognosti-
cation of CLL, and not in classification. One possible
exception is isolated trisomy 12, which is common in
CLL and uncommon in other mature B-cell leukemias
[9]. The other “recurrent”CLL abnormalities (deletion
of 11q22.3, deletion of 13q14 and deletion of 17p13)
are non-specific andmay be found in disparate tumors

ba

Figure 9.3. Chronic lymphocytic leukemia in a bone marrow trephine (H & E stain).
a. Low power view showing an interstitial nodular pattern of infiltration by CLL.
b. Higher power of a CLL nodule showing nucleolated larger cells in the center and peripherally located small mature CLL lymphocytes.

Figure 9.4. Immunophenotype of CLL (green arrows). Note expression of CD5, CD19, CD23; dim expression of CD20; and negative expression of
FMC7 and CD79b. Surface immunoglobulin expression is weak and shows kappa light chain restriction.
Figure courtesy of Ms. I Cutter, St Vincent’s Pathology, Melbourne, Victoria, Australia.
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such as mantle cell lymphoma and prolymphocytic
leukemia.

Monoclonal B-cell lymphocytosis
With increasing use of flow cytometry to investigate
minimal (and often transient) elevations in peripheral
lymphocyte count, there is an increasing number of
otherwise healthy subjects who are identified to have
clonal B-cell populations of uncertain significance.
These populations often display a classic CLL immu-
nophenotype, and are present in approximately 5% of
normal populations over 65 years of age [12]. In first-
degree relatives of patients with CLL, small clonal
B-cell populations are detectable in 13.5% [13]. In
order to differentiate subjects with small B-cell clones
of uncertain significance from patients with CLL,
the International Workshop on Chronic Lympho-
cytic Leukemia (IWCLL) working group has arbitrarily
defined CLL as requiring persistent elevation of circulat-
ing B-lymphocytes to ≥ 5 × 109/L [14]. Subjects display-
ing lower levels of clonal B-cell populations have
“monoclonal B-lymphocytosis” (MBL), a state analogous
to that of monoclonal gammopathy of uncertain signifi-
cance (MGUS). Recent studies have shown that similar
cytogenetic aberrations occur in subjects with MBL and
in patients with CLL [15], that MBL precedes CLL in the
majority of patients [15], and that the risk of conversion
fromMBL to CLL requiring treatment occurs at a rate of
approximately 1% per year [16].

Currently, there is no agreed consensus as to when
patients with an unexplained lymphocytosis should be
further investigated by flow cytometry in order to
diagnose MBL or CLL. The authors’ practice is to
perform flow cytometry if the lymphocytosis is persis-
tent for more than 8 weeks at a borderline level (<10 ×
109/L), or for more than 4 weeks at a more moderate
level (≥10 × 109/L).

Staging and prognostication
Clinical example
The patient presented above (page 175) was confirmed to
have CLL by morphology and flow cytometry (“Matutes
score” = 5). What diagnostic tests are useful in staging
and prognostication?

Clinical staging: CLL is staged based on clinical exami-
nation and peripheral blood findings. The two most
commonly used systems are the Rai system (mainly

used in the USA) and the Binet system (mainly used
in Europe) (Table 9.1). Although the exact cut-offs are
slightly different, the major message is the same
between the two systems: patients with features of
bone marrow failure (low hemoglobin and/or platelets)
fare the worst, followed by patients with widespread
lymphadenopathy and/or organomegaly, and patients
with either low-volume nodal disease or peripheral
blood lymphocytosis only (Rai stage 0) fare the best.

A simple indicator of the proliferative capacity, or
“pace,” of the disease is the lymphocyte doubling time.
Many patients present for initial assessment with a
record of past blood counts, prior to the realization
that they have CLL. Patients with short doubling times
progress more rapidly to clinical symptoms requiring
therapy, and experience inferior survival [17]. The
assessment is simple and objective, and is one of the
most important parameters with which to prospec-
tively monitor disease progress. In clinical practice,
patients without symptoms of progressive leukemia
can be monitored with 3-monthly blood counts for
one year, followed by 6-monthly blood counts if the
disease remains non-progressive.

Table 9.1. Clinical staging systems in chronic lymphocytic
leukemia (CLL).
(A) Clinical stage according to Binet [50]

Number of
involved
lymph
node
areasa

Hemoglobin
(g/L)

Platelets
× 109/L

Binet A 0–2 > 100 > 100

Binet B > 2 > 100 > 100

Binet C any < 100 or < 100

(B) Clinical stage according to Rai [51]

0 Blood and bone marrow involvement only

I Lymphadenopathy

II Splenomegaly/hepatomegaly

III Hemoglobin < 110 g/L

IV Platelet count < 100 × 109/L

a Each of the following five regions counts as one area: palpable
nodes in the neck, axillae and groins, clinically enlarged spleen and
liver.
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Although clinical staging and lymphocyte doubling
time have stood the test of time and proven to be
predictive of outcomes in both observation and thera-
peutic studies, they are intrinsically retrospective in
nature and do not allow accurate prognostication of
patients presenting in early stage disease, which now
accounts for > 80% of patients at CLL diagnosis. Thus,
there is substantial impetus to the development of novel
prognostic markers to help prognosticate and guide
decision-making at the time of initial disease diagnosis.

Morphology – prolymphocytes and smudge/smear cells:
As discussed above, an increased proportion of prolym-
phocytes in the peripheral blood was associated with
inferior outcomes in early studies [4]. Additionally, data
from the Mayo group suggested that greater than 30%
smudge cells on the routine blood smear may be a favor-
able factor in patients with newly diagnosed CLL [3].

Flow cytometry – CD38 and ZAP-70: The two most
important markers of prognosis as determined by flow
cytometry are CD38 and ZAP-70 expression. Whereas
CD38 is regularly included in the diagnostic antibody
panel for CLL in most laboratories, the status of
ZAP-70 is controversial and it is not yet regarded as
a routine test (see discussion later).

CD38 is a trans-membrane glycoprotein first char-
acterized in 1980 as a T-cell differentiation antigen. It
came to light as a prognostic marker in CLL when it
was found to be strongly correlated with the immuno-
globulin VH gene (IgVH) somatic mutation status, a
key prognostic factor in CLL. Specifically, patients
with unmutated IgVH were more likely to have ≥30%
CD19/38 co-expression in the peripheral blood, and
such patients were less likely to respond to che-
motherapy and had reduced survival [18]. As IgVH

sequencing and mutation status determination was
not routinely available in many diagnostic laborato-
ries, it was proposed that CD38 percentage be used as a
surrogate marker of IgVH mutation status [18].

Subsequent studies have shown that CD38 is unre-
liable as a surrogate marker of IgVH mutation status,
but that CD38 positivity in itself confers an adverse
prognostic significance. However, there remains con-
siderable controversy regarding levels for defining
CD38 positivity, with various studies suggesting 30%,
20% and even 7% as the ideal cut-off [18–20]. Another
study suggested that it is the presence of any CD38
positive population, rather than a cut-off level, that is
prognostic [21]. Finally, there is emerging evidence

that CD38 expression on CLL cells may be dynamic
and may differ between blood, tissue and marrow
compartments [21]. In practice, since most patients
are confirmed to have CLL by flow cytometry of the
peripheral blood, it is most pragmatic to define CD38
positivity by either the 20% or 30% threshold in
peripheral blood samples.

ZAP-70 (zeta-associated protein 70) is a tyrosine
kinase normally expressed in T- and NK-cells, where it
plays a critical role in T-cell signaling [22]. It was
identified in CLL in microarray experiments compar-
ing patients with unmutated and mutated IgVH genes,
where it was shown that ZAP-70 was aberrantly and
differentially expressed in patients with unmutated
IgVH. Therefore, ZAP-70 was developed initially as a
surrogate marker for IgVH mutation status [22],
where it showed concordance of 77–95% [22–24].
Subsequent studies have shown that ZAP-70 may be
more predictive of aggressive disease features than
IgVH mutation status, with patients discordantly pos-
itive for ZAP-70 and mutated IgVH behaving similarly
to unmutated, ZAP-70 positive patients [24]. Patients
with usage of the VH3–21 chain, which is an aggressive
subset within the mutated IgVH population, often
show discordant positivity for ZAP-70 [25]. Therefore,
there is little controversy regarding the importance of
ZAP-70 as a prognostic factor.

The major controversy surrounding ZAP-70 lies
with its measurement. It is most commonly measured
by flow cytometry, where the major limitation is its
relatively weak expression on CLL cells, and strong
expression in T- and NK-cells. Therefore, a reliable
flow cytometry strategy must take steps to separate
ZAP-70 expression on malignant CLL cells, from that
of background T- and NK-cell populations. Three major
flow cytometry strategies have been published [22–24]
(Table 9.2). Subsequent to their publication, many
groups have attempted to optimize the flow cytometry
assay, and it is clear that a number of factors including
sample integrity, permeabilization procedure, antibody
clone and fluorochrome choice and local factors all
impact on the performance of the test. At present, no
standard method for ZAP-70 assessment exists, and
groups (including our center) have shown that measure-
ment of ZAP-70 by other methods such as RT-PCR and
immunocytochemistrymay be similarly prognostic [26].

Cytogenetic and molecular genetic features: The
landmark study be by Döhner et al., showed FISH
aberrations to be organized in a hierarchical model.
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Deletions of 17p13 are associated with the most
aggressive disease features and shortest median sur-
vival (32 months), followed by deletions of 11q22–23
(79 months), trisomy 12q13 (114 months), “negative”
FISH panel (111 months) and deletions of 13q14 (133
months) (Figure 9.5) [10]. Note that in this model the
most adverse aberration confers the prognostic impli-
cation (i.e. a patient with both deletions of 13q14 and
17p13 would be regarded as being in the most adverse
category of 17p13 deletion). Currently available com-
mercial FISH probe “panels” target the four most
important genetic aberrations listed above, with indi-
vidual laboratories sometimes employing additional
probes directed against 6q21, 8q24 and 14q32. An
example of a FISH test is shown in Figure 9.6.

Based on these data, FISH is now regarded as one
of the most important prognostic markers in CLL. In
particular, CLL with deletion of 17p13 is said to be
associated with relentlessly aggressive disease, poor
response to chemotherapy and short survival, with
several groups advocating early allogeneic transplan-
tation for all such patients. Indeed, the experience with
frontline chemotherapy trials in both Germany and
UK supported this view, with median survivals of 16
and 11 months after fludarabine-based chemotherapy,
respectively [27,28]. The UK data suggested that there
may be a “threshold” effect of 17p13 deletion, with

patients displaying < 20% deletion behaving similarly
to patients without 17p13 deletion [27]. This “thresh-
old” has not been confirmed in the German studies
[28]. However, 17p13 deletion is uncommon in early
stage CLL, being found in only 5–7% of patients at the
time of diagnosis, compared with a much higher prev-
alence (30–40%) in heavily pre-treated patients.
Therefore, much of the poor prognosis associated with
17p13 deletion may simply be due to its prevalence in
patients with advanced, multiply relapsed disease.

In order to better define the significance of 17p13
deletion in early stage CLL, our group analyzed the
outcome of 99 patients found to have deletion of
17p13 prior to commencement of therapy [29]. In
this study, only half of patients with early stage,
asymptomatic 17p13 deletion progressed to requiring
chemotherapy over 3 years, with patients remaining in
stable non-progressive disease for up to 70 months
(the limit of the current follow-up). Therefore, in our
view, the finding of 17p13 deletion in patients with
early stage CLL should not prompt therapeutic inter-
vention outside of current guidelines for genetically
unselected patients.

Recent data have also suggested that advances in
rituximab-containing chemotherapy regimens may
have modified the prognostic significance of deletions
of 11q22–23, such that it may no longer be a marker

Table 9.2. Published methods for the assessment of ZAP-70 by flow cytometry.

Method [Ref.] Sample Antibody clone
+ fluorochrome

ZAP-70 negative
cutoff

Counting ZAP-70
positive CLL cells

Crespo [22] PB mononuclear
cells or whole
blood

2F3.2 (Upstate)
FITC

Defined by expression in
endogenous T/NK
population (as identified
by CD3+ or CD56+
staining). At least 1000 T/
NK-cells analyzed

Proportion of CD5/19-
positive population
expressing ZAP-70 above
cut-off

Orchard [23] PB mononuclear
cells

2F3.2 (Upstate)
FITC

Defined by isotype control T/NK-cell recognized either
as distinct “bright”
population or by CD2 or
CD3 staining, and
subtracted from total ZAP-
70-positive population

Rassenti [24] PB mononuclear
cells

1E7.2
Alexa-488

Defined by threshold
gates set on a normal
donor (such that 0.1% of
lymphocytes are CD19-
and ZAP-70-positive)

Proportion of cells in the
right upper quadrant
(CD19 and ZAP-70 co-
expressing) as defined by
normal donor cut-off
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of inferior treatment outcome [30]. In addition, patients
with trisomy 12 CLL may have increased expression of
CD20, making these cells particularly susceptible to
rituximab therapy [8]. Further clarification of the sig-
nificance of FISH aberrations in the context of modern
combination chemotherapy is ongoing.

A major pitfall of FISH testing is that it only
identifies aberrations specifically probed for, in com-
parison to the genome-wide information available
with conventional karyotyping. Current efforts to
overcome the poor cytogenetic yield of CLL include
improved culture techniques capable of producing an

Figure 9.6. Interphase FISH testing in CLL. The red signal is the ATM
gene (11q22.3) and the green signal is the TP53 gene (17p13.1). The
probe used is the p53/ATM dual color probe from Kreatech
Diagnostics. Three cells are present: one with normal signal pattern
(two green and two red signals), and two showing loss of one ATM
signal. Photograph courtesy of A/Prof L Campbell, Victorian Cancer
Cytogenetics Service, Melbourne, Victoria, Australia.

Figure 9.5. Survival in patients with CLL
from date of diagnosis, as influenced by
FlSH findings. Reprinted with permission
from Döhner [10].
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abnormality rate comparable to FISH, and genome-
wide “array” platforms [11]. Preliminary data from
these new platforms suggest that the complexity of
cytogenetic changes is a predictor of aggressive disease
and poor outcome. Further studies to define the exact
prognostic significance of novel karyotypic aberra-
tions are ongoing.

IgVH mutation status: Somatic mutation of the IgVH

gene is a marker of B-cell maturation in the follicular
germinal center, and IgVH mutation status was one of
the first novel markers shown to be prognostically
important in CLL. Approximately 50% of patients
with CLL have an unmutated IgVH, and these patients
experience more rapid disease progression, and have
inferior survival, compared with their mutated IgVH

counterparts [18,31]. When IgVH mutation status was
first described, sequencing was poorly available in
clinical laboratories, sparking the search for surrogate
markers such as CD38 and ZAP-70. With increasing
availability of high-throughput sequencing services
and on-line immunoglobulin gene databases, IgVH

mutation status is now routinely available at selected
clinical centers.

Although various studies have suggested differing
optimal cut-offs for dividing mutated and unmutated
IgVH mutation status, the 2.0% cut-off as proposed by
the original studies is now commonly accepted. Hence,
CLL samples showing 2.0% or more sequence deviation
from germline are defined as being IgVH-mutated. It is
also increasingly recognized that there are specific sub-
sets of patients with mutated IgVH who have aggressive
disease features, similar to those of patients with unmu-
tated IgVH. The best recognized subset is mutated IgVH

patients that utilize the VH3–21 family of genes. In a
German study comparing FISH parameters, IgVHmuta-
tion status and ZAP-70 expression in patients with
B-CLL, the VH3–21 cases were mostly discordantly Ig
VH-mutated and ZAP-70 positive [25]. The existence of
these poor prognostic subsets in the IgVH-mutated group
may explain why ZAP-70 may be more effective at
predicting aggressive disease than IgVH mutation status.

Other tests: There are a large number of emerging
prognostic markers for CLL, many of which have yet
to transition from the research to the clinical domain.Of
special mention are simple biochemical markers avail-
able in most clinical laboratories, in particular beta-2-
microglobulin (β2m) and lactate dehydrogenase (LDH).
β2m is the invariable light chain of the class I HLA

molecule. In our institutional experience, β2m is con-
sistently one of the most important independent deter-
minants of outcome, predicting for early requirement
for initial therapy, poor response to both chemotherapy
and chemo-immunotherapy regimens, and inferior sur-
vival across virtually all therapeutic trials [32]. It is likely
to be a summation marker of disease bulk and prolifer-
ative activity, and the patient’s renal function. LDH is a
proliferative marker which is usually elevated in patients
with histologic (Richter) transformation.

Are bone marrow aspirate and trephines still neces-
sary in patients with CLL?: Most of the diagnostic and
prognostic tests in CLL can be performed in the
peripheral blood. Indeed, for certain tests such as
FISH panels, peripheral blood may be preferable to
the marrow due to a greater proportion of cells being
malignant CLL cells. The only prognostic tests requir-
ing bone marrow aspirate are conventional cytogen-
etic testing and bone marrow histology. A diffuse
pattern of marrow infiltration is associated with
reduced survival in the alkylator era [33], however
this probably represents the effects of a heavy tumor
burden. Many CLL physicians choose not to perform
bone marrow aspirate and trephine at the time of
initial diagnosis. In such cases, bone marrow exami-
nation is recommended prior to the initiation of che-
motherapy, in order to document the extent and
pattern of involvement, and to obtain samples for
conventional cytogenetic testing. The latter test is not
only important for assessment of the CLL karyotype,
but also in documenting baseline cytogenetic status in
patients who may later develop therapy-related mye-
lodysplasia [34].

Summary of prognostic markers: All patients should
be evaluated and staged clinically (Table 9.1), and
peripheral blood examined for presence of smudge/
smear cells and prolymphocytes. Serial blood counts,
where available, provide a useful retrospective guide to
the pace of disease progression and doubling time.
Serum markers, particularly β2m and LDH, continue
to be useful and widely available surrogates of disease
burden and activity.With regards the “novel”markers,
current evidence supports the characterization of
CD38 status, FISH aberrations, IgVH mutation status
and sub-family usage (where available) in patients
with newly diagnosed CLL. ZAP-70, although a
powerful and independent marker, is hampered by
difficulties in testing and may be employed if
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demonstrated to be reliably measured and validated
against clinical endpoints by the testing laboratory.

International response criteria
Clinical example
Prognostic testing of this patient identified him to have
unfavorable risk factors including an unmutated IgVH

gene and deletion of 11q22–23 by FISH. After 18 months
of observation, the patient developed tiredness, progres-
sive splenomegaly and anemia. He received six cycles
of chemotherapy in combination with rituximab and
had a good response with no clinical (clinical examina-
tion and blood count) evidence of disease at the end of
treatment. How should he be staged for response?

The response criteria for patients with CLL following
therapy are standardized and are summarized in
Table 9.3 [14]. At present, patients are staged by
clinical history, physical examination and a blood

count. Of relevance is the importance of bone mar-
row aspirate and trephine in establishing complete
response or “nodular partial response.” The identifi-
cation of residual lymphoid nodules in the bone
marrow is important as this is the last site of
morphological disease to be cleared. Longitudinal
studies have shown that patients with residual mar-
row nodules (nodular partial response) have inferior
remission durations than patients in complete
response (Figure 9.7). With the advent of immuno-
cytochemistry, it is possible to determine whether
the residual nodules in the marrow are predomi-
nantly B-cells (i.e. presumed residual CLL), or pre-
dominantly T-cell nodules (i.e. presumed reactive
nodules). However, the ability of immunocytochemi-
stry to predict remission durations has not been
confirmed in prospective studies and this technique
is likely to be superseded by more sensitive minimal
residual disease testing methodologies, as detailed
below.

Table 9.3. IWCLL response categories in chronic lymphocytic leukemia. Adapted from [14].

IWCLL response Clinical assessment (Examination + blood
tests)

Bone marrow assessment (2
months after last treatment)

Complete response Peripheral blood lymphocytes < 4.0 × 109/L
Lymph nodes ≤ 1.5cma

No hepatosplenomegalya

No constitutional symptoms
Hemoglobin > 11 g/dL
Neutrophils > 1.5 × 109/L
Platelets > 100 × 109/L

Less than 30% lymphocytes in marrow
aspirate
Absence of lymphoid nodules on marrow
trephine

Complete response with
incomplete marrow recovery
(provisional entity)

Same as complete response, except blood recovery
parameters (hemoglobin, neutrophils and/or platelets)
not met

Same as complete response

Nodular partial response Same as complete response Less than 30% lymphocytes in marrow
aspirate
Residual lymphoid nodules on marrow
trephine
Immunocytochemistry may be helpful

Partial response Peripheral blood lymphocytes decrease ≥ 50%
Reduction in lymph node size ≥ 50%a

Reduction in hepatomegaly
Reduction in splenomegaly ≥ 50%a

and improvement in one blood count lineage:
hemoglobin > 11 g/dL, neutrophils > 1.5 × 109/L,
platelets > 100 × 109/L or improvement of ≥ 50% over
baseline

Reduction in marrow infiltrate ≥ 50%
(marrow re-evaluation generally not
indicated outside of clinical trial)

All responses should be maintained for at least 2 months

aAssessment of lymph nodes, hepatomegaly and splenomegaly is by physical examination outside the context of a clinical trial; in a clinical trial,
CT assessment of abdominal nodes is recommended before and after treatment.
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Minimal residual disease
The definition of complete remission requires <30%
marrow lymphocytes without regard to the nature of
these lymphocytes. This morphological definition is
insensitive to small amounts of disease, and as highly
effective chemo-immunotherapy treatment regimens
evolve, there is an increasing need for tests to quan-
tify minimal residual disease (MRD) at a sub-
microscopic level. The easiest way to accomplish
this is with flow cytometry. We have previously
shown that standard flow cytometry (capable of
detecting approximately one CLL cell in 100 lympho-
cytes) is meaningful in predicting remission duration,
and that the use of an even more sensitive molecular
technique (ligase chain reaction) further refined the
ability to identify those patients with the best clinical
outcomes (Figure 9.8). Subsequently standardized
methods of MRD assessment have emerged.

The two standard techniques of MRD assessment
are allele-specific oligonucleotide polymerase chain
reaction (ASO-PCR) [35] and four-color flow cyto-
metry (Figure 9.9) [36]. The principles of these tech-
niques are outlined in Table 9.4. Both techniques are
capable of detecting MRD at a level of 1 in 104 cells.
In the recent German CLL Study Group study of
frontline chemo-immunotherapy, MRD proved to
be one of the strongest determinants of remission
duration [37], confirming that the goal of modern

CLL therapy should be to eliminate all detectable
MRD.

B-cell prolymphocytic leukemia

Clinical example
A 66-year-old man presents with poor energy, involun-
tary loss of weight and abdominal discomfort due to
splenomegaly. A blood count shows lymphocytosis of
121 × 109/L with numerous prolymphocytes. How
should this patient be investigated?

B-cell prolymphocytic leukemia (B-PLL) is a rare leu-
kemia, occurring in fewer than 1 per 100 000 person-
years in Western populations (Figure 9.1b). Most
patients are over 60 years old, with a balanced male:
female distribution [4]. It is an aggressive disease with
a median survival of approximately 3 years [4,38].

Establishing the diagnosis
Morphology: Morphologically, patients with B-PLL
have a peripheral lymphocytosis with > 55% (often
close to 100%) prolymphocytes. Prolymphocytes are
twice the size of a mature lymphocyte, with a round
nucleus, condensed chromatin pattern and a single
prominent nucleolus (Figure 9.2b). Although there
are some significant morphological differences, it is

Figure 9.7. Time to progression for
patients in various IWCLL response
categories, from completed MD Anderson
Cancer Center studies. Patients in
complete response consistently enjoy
superior remission durations than those in
nodular partial response or partial
response (p<0.001).
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not always possible to differentiate between B-PLL and
T-PLL morphologically.

Immunophenotype: The immunophenotype of B-PLL
is that of a B-cell (CD19- and CD79a-positive) with
brighter expression of surface immunoglobulin,
CD20, CD22, CD79b and FMC-7 than CLL. CD5,
CD10 and CD23 are typically negative [5].

Cytogenetic and molecular genetic features: Early
case series of B-PLL included cases with the t(11;14)
(q13;q32) translocation. Such cases are now con-
sidered mantle cell lymphoma in leukemic phase
(see below). The diagnosis of B-PLL under the 2008
World Health Organization classification requires
exclusion of t(11;14)(q13;q32) by FISH and/or
molecular studies. There are no karyotypic aberra-
tions specific to B-PLL.

Staging and prognostication
No staging system exists for B-PLL. The majority
of patients present with systemic symptoms, splenome-
galy, marked lymphocytosis and anemia [4]. Due to the
rarity of the condition, prognostic markers in B-PLL
have not been defined. One published study evaluated
IgVH mutation status, ZAP-70 and FISH in 19 cases of
de novo B-PLL. In this study, the distribution of unmu-
tated IgVH gene usage (53%) and ZAP-70 positivity

(57%) in B-PLL was similar to that reported for CLL
populations, but unlike the situation in CLL, there was
no relationship between an unmutated IgVH gene and
ZAP-70 positivity [38]. IgVH mutation status and
ZAP-70 expression had no impact on survival. FISH
deletion of 17p13.1 was common, occurring in 53% of
cases, and was found mainly in patients with an unmu-
tated IgVH. Patients with 17p13.1 deletion had a reduced
median survival of 12 months (versus 40 months for
17p13.1 non-deleted, p =0.24) [38].

Hairy cell leukemia

Clinical example
A 56-year-old man presented with tiredness and was
found to be pancytopenic with absolute monocytope-
nia. Splenomegaly was evident on clinical examina-
tion. He underwent an attempted bone marrow
aspirate which yielded a “dry tap.” How should he
be investigated?

Hairy cell leukemia (HCL) is a rare leukemia, with an
incidence of less than 1 per 100 000 person-years
(Figure 9.1). The median age at presentation is 55
years, with a striking (5:1) male predominance [39].
With the advent of purine analog-based chemother-
apy, long-lasting remissions are now achievable in the
majority of patients [39]. This unique sensitivity to

Figure 9.8. Minimal residual disease
(MRD) studies are valuable in patients in
morphological complete remission (CR)
(p=0.007). Data from the MD Anderson
Cancer Center Phase II Study of
Fludarabine, Cyclophosphamide and
Rituximab.
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purine analog makes HCL an important diagnosis to
consider in patients presenting with bone marrow
failure, despite the rarity of the condition.

Establishing the diagnosis
Morphology: Hairy cell lymphocytes have a distinctive
appearance, being small- to medium-sized cells display-
ing abundant, weakly basophilic or light gray cytoplasm
with numerous circumferential “hairy” or irregular pro-
jections (Figure 9.2c). The nucleus is usually oval or
bean-shaped with homogeneous, moderately clumped
chromatin. Nucleoli are typically absent. These cells are
often infrequent in the peripheral blood and can be
inconspicuous. A common peripheral blood “clue” to

the presence of HCL is marked monocytopenia (the
mechanism of which remains undefined).

Due to the fibrotic nature of the disorder, bone
marrow aspirates are often “dry taps” yielding poor
quality specimens for diagnostic work-up. When suf-
ficient HCL cells are present, a classic cytochemical
finding is tartrate-resistant acid phosphatase (TRAP)
stain positivity. Bone marrow trephine histology typ-
ically shows a widely spaced infiltrate with a classic
“fried egg” appearance due to the abundant cytoplasm
(Figure 9.10). Immunocytochemistry can be per-
formed on sections of the bone marrow biopsy to
demonstrate the neoplastic cells are of B-cell origin
(CD20, CD79a, PAX5 positive) and express CD11c
antigen (Figure 9.10c). Reticulin fibrosis is usually

Figure 9.9. Standardized 4-color flow cytometry MRD assessment in CLL. CLL cells can be identified as CD5+ events that express CD20, CD22
(R7), CD81(R8) and CD79b(R9) weakly, and CD43(R10) strongly.
Reprinted with permission from [36].
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present and mesh-like in appearance. When there
is low-volume and patchy marrow infiltration, this
subtle involvement by HCL can be missed by an
inexperienced morphologist.

Immunophenotype: The classic immunophenotype
of HCL is a B-cell with bright surface immunoglo-
bulin, CD20, FMC-7 and CD22 expression, and co-
expression of one or more HCL-associated markers
(i.e. CD11c, CD25 and/or CD103) (Figure 9.11).
CD5, CD10 and CD23 are usually negative [5].
CD11c may also be weakly expressed by CLL,
B-PLL and marginal zone lymphomas, and some
cases of CLL can be CD25-positive. Therefore,
there is significant interest in identifying new
markers specific for HCL.

Of these new markers, the ones most commonly
used in clinical practice are DBA44 and annexin A1
[40,41]. Both markers are effective immunocytochem-
ical stains when performed on bone marrow trephine
biopsies. DBA44 has the advantage of being restricted
to areas of lymphoid infiltration, but is less specific for

HCL than annexin A1. Annexin A1, on the other hand,
is positive in background marrow myeloid and T-cells
and should be interpreted using a concurrent CD20
immunostain to highlight areas of B-cell infiltration.
Other promising new markers for HCL include
CD123, T-bet and monoclonal antibodies which iden-
tify TRAP.

Cytogenetic and molecular genetic features: No cyto-
genetic abnormality is specific for HCL. The majority
of cases are IgVH-mutated, consistent with a post-
germinal center cell of origin [42].

Staging and prognostication
Hairy cell leukemia is unique in that results following
purine analog therapy are exceptionally favorable, such
that no important prognostic markers currently exist.
With current chemotherapy, approximately 80–90% of
patients achieve complete remission lasting five or more
years, and those who relapse are often successfully re-
treated [39,43]. In a large cohort of 349 patients treated

Table 9.4. Minimal residual disease (MRD) assessment in CLL. Current studies indicate that MRD detection is more sensitive in marrow
aspirate than peripheral blood. Adapted from [35,36].

MRD
assessment
methodology Principle of test Advantages Disadvantages

Allele-Specific
Oligonucleotide
Polymerase Chain
Reaction (ASO-PCR)

The unique IgH complementary
determining region III (CDRIII) of CLL
cells provides a specific clonal marker for
PCR testing
Patient-specific primers are generated
by amplifying CLL cell CDRIII using
consensus primers, and sequencing the
clonal PCR product. Cloning may be
required in some patients
These primers are then used to detect
minimal residual disease (by PCR
amplification) following treatment

Considered gold standard
for MRD detection (sensitive
to 1 in 104 cells or better)
Samples for MRD testing can
be stably stored, for
transportation and testing at
a later date.
Suitable for batch-testing

Sequencing of CDRIII may not be
successful in all patients, even
when cloning techniques are
employed
Requires availability of pre-
treatment material
Sequencing and generation of
patient-specific primers is labor
intensive
Turn-around time for PCR testing
of MRD is slower than flow
cytometry

Multi-color flow
cytometry

CLL has a unique flow cytometry
signature, allowing its separation from
normal B-cells and hematogones
Samples are analyzed using 3 standard
antibody combinations (CD5/CD19 with
CD20/CD38, CD81/CD22 and CD79b/
CD43). A target of ≥ 500 000 events is
acquired and MRD is present if greater
than 50 CLL cells are detected in ≥ 2 of 3
tubes
Relative to normal B-cells, CLL cells can
be identified as CD5+ events that
express CD20, CD22, CD81 and CD79b
weakly, and CD43 strongly

Similar sensitivity to ASO-
PCR (sensitive to 1 in 104

cells)
Does not require pre-
treatment sample to be
available, or patient-specific
material to be generated
Fast turn-around time
compared with ASO-PCR.

Variation in interpretation is
required for patients with atypical
CLL phenotypes (e.g. strong CD20
expression, weak CD43
expression).
Knowledge of baseline phenotype
is desirable.
May not be possible to acquire
sufficient events in poor quality
specimens
Requires fresh blood or marrow
samples, not suitable for batch-
testing
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with cladribine therapy, the only independent associates
of inferior survival were baseline white cell count > 15 ×
109/L and age > 50 years [39].

Hairy cell leukemia variant
The term “hairy cell leukemia variant” was used to
describe cases with atypical clinical, morphological, cyto-
chemical or phenotypic features. The atypical morpho-
logical features include high white cell count, lack of
monocytopenia and cells with prominent nucleoli. The
atypical cytochemical and immunophenotypic features
are negativity for TRAP, CD25 and annexin-A1. They
may be positive for CD11c, CD103 andDBA44, andmay
show a widely spaced, diffuse pattern of infiltration on

bone marrow trephine biopsy. These cases are said to
have a less favorable response to purine analog chemo-
therapy. In the 2008 World Health Organization classi-
fication of hematopoietic and lymphoid neoplasms, these
cases are no longer considered biologically related to
HCL. Hairy cell leukemia ariants are regarded as splenic
lymphomas and, as such, are listed under the heading of
“splenic B-cell lymphoma/leukemia, unclassifiable”.

Leukemic phase of mature
B-cell lymphomas
A discussion follows of lymphomas that are typically
based primarily either in lymph nodes or extranodal
lymphoid tissues, and which may spill over into the

ba

c d

Figure 9.10. Hairy cell leukemia in the bone marrow trephine.
a. Diffuse bone marrow infiltrate and a virtual absence of normal hematopoiesis.
b. Cytological detail of hairy cells. The cells are well spaced due to abundant cytoplasm and the nuclei are pleomorphic.
c. CD11c positivity of the hairy cells (immunoperoxidase stain).
d. CD20 positivity of hairy cells (x1000; immunoperoxidase stain) showing persistent disease following therapy.
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peripheral blood as a consequence of heavy systemic
involvement. In uncommon cases, these lymphomas
can present predominantly as circulating disease with-
out significant clinical lymphadenopathy, thus mimick-
ing the primary low-grade B-cell leukemias such as
CLL. These lymphomas will not be discussed in detail,
but rather the peripheral blood morphological and
immunophenotypic features are focused on as these
may assist in making the correct diagnosis. Chapter 11
gives a more detailed account of lymphomas and the
laboratory techniques used for disease staging.

Follicular lymphoma
Follicular lymphoma is the second most common type
of non-Hodgkin lymphoma [44]. The bone marrow is
involved in 40–70% of cases, and circulating lymphoma
cells are present in a significant minority of patients.
Circulating follicular lymphoma cells are typically
small, with a high nuclear : cytoplasmic ratio, con-
densed chromatin and a characteristic fine nuclear
cleft (Figures 9.2d). The immunophenotype is that of
a B-cell (moderate to strong expression of CD19, CD20,
CD22, CD79a and surface immunoglobulin), with
expression of the follicle center cell markers CD10 and
BCL-6 [5]. CD5, CD23 and CD43 are negative. Most
patients with circulating cells have the diagnosis con-
firmed by lymph node and/or bonemarrowbiopsy. The
classical cytogenetic/molecular aberration of follicular

lymphoma is over-expression of the BCL-2 protein due
to a translocation with the IgH gene, and evidence of
t(14;18)(q32;q21). The genetic translocation can be
detected by karyotyping, FISH and/or RT-PCR. BCL-
2 over-expression can be assessed by immunocyto-
chemistry and will be present in 80–90% of cases.

Mantle cell lymphoma
Mantle cell lymphoma is a non-Hodgkin lymphoma
with a relatively aggressive clinical course. Circulating
lymphoma cells are seen at some stage in the illness in
up to 77% of patients [45]. A diagnostic clue in the
peripheral blood is the marked pleomorphism of
the cells, which can range from small (CLL-like)
forms to medium (or occasionally large) cells with
irregular, angular or cleft nuclei and multiple nucleoli
(Figure 9.2e). Patients with the blastoid variant have
increased proportions of the larger cells and an open
chromatin pattern similar to that of lymphoblasts [46].
There is also a small cell variant that resembles CLL
morphologically. The immunophenotype is moderate
expression of CD19, CD20, CD22, CD79a and surface
immunoglobulin with co-expression of CD5 and
CD43 antigens. Therefore, the major differential diag-
nosis by flow cytometry is CLL. However, mantle cell
lymphoma is CD23-negative and usually expresses
CD20, FMC-7 and surface immunoglobulin at a
brighter intensity than CLL.

Figure 9.11. Immunophenotype of hairy cell leukemia. Note bright expression of CD20 and CD22, expression of CD11c, CD25 and CD103, and
lambda light chain restriction (arrows). Figure courtesy of Ms. I Cutter, St Vincent’s Pathology, Melbourne, Victoria, Australia.
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The classical cytogenetic/molecular aberration of
mantle cell lymphoma is over-expression of cyclin D1
(also known as BCL-1) protein due to a translocation
with the IgH gene, and evidence of t(11;14)(q13;q32).
The genetic translocation is best tested by FISH,
but is also evaluable by karyotyping and RT-PCR.
Evidence of cyclin D1 over-expression is tested by
immunocytochemistry and will be present in almost
all cases. The existence of “cyclin D1-negative”mantle
cell lymphomas, where the tumor displays classical
morphology and immunophenotype but is negative
for the t(11;14)(q13;q32) translocation by FISH and
cyclin D1 is not over-expressed by immunocytochem-
istry, has been controversial until recently. Gene
expression array studies now confirm that such cases
do exist and that dysregulation of cyclin D2 or cyclin
D3 account for their pathophysiology [47].

Marginal zone lymphoma
There are four subtypes of marginal zone lymphoma
(MZL): extranodal, splenic, nodal and leukemic.
Extranodal, splenic and nodal MZL are genetically
distinct disorders grouped together because of a com-
mon immunophenotype and presumed cell of origin
(i.e. post-germinal center, marginal zone B-cell).
Leukemic MZL, in contrast, is a controversial entity
that may represent a separate disease, or alternatively
early forms of one of the other subtypes of MZL [48].

Immunophenotypically all subtypes of MZL are
monoclonal B-cells (expression of CD19, CD20,
CD79a and light chain restricted surface immunoglo-
bulin) that express the marginal zone cell associated
antigens CD21 and CD35. CD11c may be positive
(particularly in splenicMZL) but is typically less bright
than in hairy cell leukemia. Cases of MZL are other-
wise negative for CD5, CD10, CD23, CD43, CD103
and cyclin D1 antigens. Morphologically MZL lym-
phoma cells tend to be either bland, small lympho-
cytes, or alternatively (in the case of splenic MZL)
lymphocytes with short, polar villous projections.
The main differentiating feature is that they do not
express antigens typical of other B-cell neoplasms,
i.e. CLL (CD5 and CD23), follicular lymphoma
(CD10), mantle cell lymphoma (CD5 and cyclin D1)
or hairy cell leukemia (CD103 and annexin A1) [5].
Hence MZL is primarily an immunophenotypic diag-
nosis of exclusion.

The discovery of this diagnosis on peripheral blood
should prompt careful physical examination and

investigation of the gastrointestinal tract (for extra-
nodal MZL), evaluation for lymphadenopathy by
computerized tomography (for nodal MZL), and
radiological measurement of spleen size (for splenic
MZL). Patients without any identifiable foci of disease
following these above-mentioned investigations may
be considered “leukemic MZL” [48]. The investigation
for additional sites of disease is important as the
subtypes differ greatly in treatment strategies (e.g.
Helicobacter pylori eradication for gastric extranodal
MZL, compared with splenectomy for splenic MZL)
and prognosis. There is also an association between
splenic MZL and hepatitis C infection.

Lymphoplasmacytic lymphoma
Lymphoplasmacytic lymphoma (LPL) is characterized
by a spectrum of neoplastic cells ranging from
small bland B-lymphocytes to plasmacytoid lympho-
cytes and plasma cells (Figure 9.2f). It includes
Waldenström macroglobulinemia, defined as a subset
of LPL cases with bonemarrow infiltration and an IgM
paraprotein of any concentration [49].

In the 2008 World Health Organization classifica-
tion, this label can only be applied if the diagnostic
criteria for another B-cell neoplasm (many of which
can have lymphoplasmacytoid variants) are not met.
This is particularly problematic in the case of MZL,
which can display prominent lymphoplasmacytoid
morphology and which has no distinguishing immu-
nophenotypic features. In practice, the clinical picture
dominates the diagnostic decision-making process.
For example, a patient with a small paraprotein and
prominent spleen is best classified as splenic MZL,
whereas a patient with circulating lymphoplasmacy-
toid cells, high IgM paraprotein, hyperviscosity and
heavy marrow infiltrate is best classified as LPL/
Waldenström macroglobulinemia.

Conclusions
Currently, accurate diagnosis of a circulating B-cell lym-
phoproliferative disorder relies mostly on immunophe-
notypic features (as assessed by flow cytometry),
supplemented by clinical and morphological findings.
Increasingly, individual diseases are defined by distinct
cytogenetic and molecular features, with the salient
example being the requirement for t(11;14)(q13;q32)
[or equivalent] in mantle cell lymphoma, and reclassifi-
cation of cases formerly considered to be B-PLL based on
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this cytogenetic finding. There is increasing appreciation
that CLL is not a single disease, but rather a heteroge-
neous collection of related disorders, and further sub-
classification of this diagnosis is likely to occur in future
studies. Already, patients with 17p13 deletion CLL are
recognized to have an inferior prognosis compared with
other subtypes of CLL, and specific treatment strategies
targeting this particular group of patients are being
trialed. Finally, new tools such as gene arrays will be
increasingly used in the clinical setting, particularly in
cases where the diagnosis is difficult to establish, such as
in cases of cyclin D1-negative mantle cell lymphoma.
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10 Mature T-cell and natural-killer cell
leukemias
Kaaren K. Reichard and Kathryn Foucar

Introduction
Mature T-cell and natural-killer cell (NK-cell) leuke-
mias consist of T-cell prolymphocytic leukemia
(T-PLL), T-cell large granular lymphocytic leukemia
(T-LGL), chronic lymphoproliferative disorder of
NK-cells (NK-CLPN), adult T-cell leukemia/lym-
phoma (ATLL) and Sézary syndrome (SS). These dis-
orders comprise a relatively uncommon group of
neoplasms which, with the exception of T-PLL, lack a
recurrent cytogenetic “marker.” Consequently, the
successful diagnosis of a mature T/NK-cell leukemia
requires the integration of a variety of parameters.

The evaluation of a patient for a possible T/NK-
cell chronic lymphoproliferative disorder is generally
triggered by a symptom. Some of these symptoms
are non-specific such as fatigue, secondary infection
and bleeding, all of which are linked to underlying
hematopoietic compromise. Other symptoms are
somewhat more disease-specific including skin man-
ifestations in SS, and less often in ATLL (> 50%) and
T-PLL (20%). Some patients with mature T/NK-cell
leukemias are severely symptomatic (especially
patients with T-PLL and ATLL), while other patients
may be entirely asymptomatic (NK-CLPN and
T-LGL). In these asymptomatic patients, the work-
up is generally triggered by an abnormal blood
count.

The blood count is typically the starting point for a
more “refined” diagnostic work-up. The blood count
parameters, including morphological review and dif-
ferential cell count, highlight an absolute lymphocyto-
sis in patients with T/NK leukemias, or at least an
increase in the absolute number of large granular
lymphocytes (LGLs) in patients with either T-LGL or
NK-CLPN. The white blood cell count (WBC) is typ-
ically markedly elevated in patients with T-PLL and at

least moderately elevated in patients with ATLL and
SS. The WBC is much more variable in patients with
T-LGL or NK-CLPN, but there is an absolute increase
in LGLs even in cases in which the absolute lympho-
cyte count is within the normal range.

In addition to the WBC and absolute lymphocyte
count determination, assessment of other hemato-
logical parameters is also essential. The evaluation of
red blood cell parameters, absolute neutrophil count
and platelet counts generally provide information pre-
dicting the degree of bone marrow effacement by the
neoplasm, although other mechanisms for cytopenias
are operative in T-LGL.

The morphological features of the abnormal lym-
phocyte population are critical in guiding differential
diagnostic considerations and evaluating for response
to therapy and relapse. By definition, the nuclear fea-
tures are “mature” in that the nuclear chromatin is at
least moderately condensed. Other nuclear features
such as nuclear contours (round, clefted, cerebriform
or lobulated) are useful in ranking differential diag-
nostic considerations. Assessment of the cytoplasm of
the abnormal lymphoid population is essential in doc-
umenting the distinctive, sparse cytoplasmic granules
in T-LGL and NK-CLPN; cytoplasmic features are not
generally contributory in the other mature T-cell
leukemias.

Comprehensive multi-color flow cytometric
immunophenotyping is the “gold standard” technique
for determining lineage and stage of maturation of
T-cell disorders (Table 10.1) [1–5]. Mature T-cell
leukemias lack the classic profile of immature T-cells
(T lymphoblasts) such as weak CD45, CD34, TdT,
CD1a and weak to negative surface CD3 expression.
Instead, mature T-cell leukemias express bright
CD45, strong surface CD3, and usually either CD4
or CD8, although some mature T-cell leukemias can
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aberrantly co-express both CD4 and CD8 antigens, a
feature of T-PLL. In addition, other patterns of aber-
rant antigen expression are critical in the subclassifi-
cation of mature T-cell leukemias and these will be
discussed in detail in this chapter. The immunophe-
notypic profile of NK-cells is somewhat more prob-
lematic, although typical features of NK-cells include
cytoplasmic but not surface CD3 expression, as well as
CD56 expression.

In addition to establishing lineage and stage of
maturation of T/NK-cell disorders, immunopheno-
typing can also be used to distinguish naïve T-cells
(CD45RA positive) from memory T-cells (CD45RO-
positive). Furthermore, assessment of antigens linked to
function status (e.g. CD25) and various adhesion anti-
gens (CD56 and CD57) are also commonly used in the
immunophenotypic assessment of T/NK-cell neoplasms
[3,6].

For many mature T- and NK-cell leukemias, the
integration of clinical, hematological, morphological
and immunophenotypic information is the diagnostic
“end point,” and a definitive diagnosis of T-PLL, ATLL
or SS can be rendered. This is especially true if the
absolute lymphocyte count is significantly elevated
and morphological features are consistent with an
overt neoplastic process. Even though inv(14)
(q11q32) is characteristic of T-PLL, documentation
of this cytogenetic abnormality is not a diagnostic
requirement [1,6]. However, molecular confirmation
of T-cell clonality is often necessary in T-LGL, because
the absolute lymphocyte count is often not impressive
in these patients, and because many non-neoplastic
disorders are linked to an increase in cytotoxic/sup-
pressor T-cells.

The confirmation of an overt NK-CLPN is even
more challenging, since there are neither confirmatory
cytogenetic nor molecular tests available to exclude
non-neoplastic causes of an absolute NK-cell lympho-
cytosis. Specialized flow cytometric immunopheno-
typic testing for families of surface killer activating or
inhibitory receptors has been suggested as a modality
to distinguish neoplastic NK-cells (restricted surface-
killer inhibitory receptor profile) from reactive
NK-cells (polytypic surface killer inhibitory receptor
profile) [7].

This chapter will guide the diagnostician in terms
of a logical, cost-effective case assessment, provide
information about the fairly limited number of poten-
tial therapeutic targets, and provide recommendations
for assessing response to therapy and disease relapse
for mature T- and NK-cell leukemias.

T-cell prolymphocytic
leukemia (T-PLL)

Diagnostic aspects
The diagnosis of T-PLL is made using a combination
of clinical and laboratory findings (Table 10.2) [8,10].
A complete history and physical examination (lym-
phadenopathy, splenomegaly, skin rash), complete
blood count with differential, peripheral blood smear
review and immunophenotyping should be per-
formed. Cytogenetic studies are not required but
may be useful in diagnostically difficult cases to reveal
a characteristic abnormality [e.g. inv(14)(q11q32) or
t(X;14)(q28;q11)]. A bone marrow biopsy is generally
not necessary.

Table 10.1. Stage of maturation of T-cell disorders [1–5].

Stage of maturation Immunophenotype Neoplasms/comments

T-lymphoblast CD34, TdT, cCD3, CD7 T-lymphoblastic leukemia/lymphoma

Cortical thymocyte cCD3, CD1a, CD7, TdT, TCR, CD4,
CD8

T-lymphoblastic leukemia/lymphoma

Mature helper T cell CD3, CD7, TCR, CD4, CD5 T-cell prolymphocytic leukemia (25% aberrantly co-express CD4
and CD8)
Sézary syndrome (CD7−)
Adult T-cell leukemia/lymphoma (CD25+, CD7−)

Mature cytotoxic/suppressor T
cell

CD3, CD7, TCR, CD8, CD5 T-cell large granular lymphocytic leukemia (CD57+)
Rare adult T-cell leukemia (CD7−, CD25+)

c = cytoplasmic. TCR = T-cell receptor alpha/beta.
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Blood count: The WBC in T-PLL is most often mark-
edly elevated (> 100 x 109/L). Concomitant anemia and
thrombocytopenia are common and serum studies for
HTLV-1 are negative.

Morphology: T-PLL cells are predominantly small to
medium with round or irregular nuclear contours,
mature chromatin, a prominent nucleolus, and scant,
agranular cytoplasm with blebbing (Figure 10.1). In
approximately one fourth of cases, the cells are small
with indistinct nucleoli (so-called small cell variant).
Rarely, cells show marked nuclear irregularity, similar
to the cytological features seen in Sézary syndrome or
adult T-cell leukemia/lymphoma. The bone marrow is
diffusely infiltrated by T-PLL.

Immunophenotype: Flow cytometry demonstrates that
T-PLL cells are of post-thymic derivation and express
surface CD2, CD3 (may be weak), CD5 and CD7 and
lack expression of immature markers (TdT, CD1a,
CD34). In contrast to other mature T-cell leukemia
mimics, CD7 is usually strongly expressed. In ~65% of
cases, the tumor cells are CD4+, while ~25% cases show a
relatively unique dual CD4 and CD8 positivity. The
majority of cases are T-cell receptor alpha/beta positive.
TIA-1 and natural-killer associated markers (CD16,
CD56) are negative. Immunohistochemistry for TCL-1
is highly specific and sensitive for T-PLL amongstmature
T-cell lymphoproliferative disorders [11]. Assessment
for the high expression of CD52 for potential targeted
therapy (e.g. alemtuzumab) may be done.

Cytogenetics: Cytogenetics is generally not essential
for diagnosis. However, in cases difficult to distinguish
from Sézary syndrome, chromosomal studies may be
useful. T-PLL is characterized by a complex karyotype
and recurrent abnormalities most often involve chro-
mosomes 8, 11, 14 and X [12]. Inversion (14)(q11q32)
is distinctive in T-PLL and seen in > 70% of cases. This
inversion, or more rarely the translocation t(14;14)
(q11;q32), results in the juxtaposition of the T-cell
receptor alpha TRA@ (14q11) and TCL1A (14q32)
genes with subsequent constitutive activation of
TCL-1. Translocation t(X;14)(q28;q11) is less com-
mon but results in the juxtaposition of TRA@
(14q11) and MTCP1 (Xq28). Abnormalities of chro-
mosome 8 including iso8q are frequent. Mutations in
the ATM gene (11q22) are often detected by molecular

Table 10.2. Laboratory evaluation of T-cell prolymphocytic
leukemia [8–10].

Test/Procedure Frequency and comments

Blood count with
differential count (blood)

At diagnosis
Marked absolute lymphocytosis
with distinctive morphology;
prominent nucleolus and scant,
agranular cytoplasm with
blebbing (75%)
Ongoing regular monitoring for
response to therapy

Flow cytometric
immunophenotyping
(blood)

At diagnosis
Confirm mature T-cell phenotype;
CD3+, CD4+ (65% of cases)
Unique CD4 and CD8 dual
positivity (25% of cases)
Assess presence of CD52 for
targeted therapy
Other T-cell markers (CD2, CD5
and CD7) generally present
Surface CD3 may be weak
Subsequent monitoring may be
performed to assess disease
resistance and/or protocol
requirements

Bone marrow (BM)
examination

Not necessary unless protocol
requirement
Diffuse BM effacement

Assessment for potential
targeted therapy (blood)

Determine if CD52 expressed for
alemtuzumab therapy

Cytogenetics (blood) Generally not necessary unless
protocol requirement
May be helpful in a diagnostically
challenging case to assess for
characteristic inv(14)(q11q32)
(70% of cases)
Complex karyotype typical

Molecular assessment for
clonality (blood)

Not usually required for diagnosis
T-cell receptor clonality expected

Minimal residual disease
detection

As needed or per protocol
T-cell receptor clonality (expected
sensitivity of 1/104 to 1/105 cells)
If aberrant T-cell phenotype
(e.g. dual CD4/CD8
positive) sensitivity
1/104 cells

Pre-transplant
assessment

Blood count
Flow cytometric
immunophenotyping
and/or T-cell receptor clonality
studies
Transplant considered at initial
response to therapy

10 Mature T-cell and natural-killer cell leukemias

193



and FISH studies. Confirmation of T-cell receptor
gamma clonality is generally not necessary in the pres-
ence of otherwise typical clinical, laboratory, morpho-
logical and immunophenotypic features.

Clinical aspects
Given that T-PLL is an aggressive disease with less
than one year median survival, most patients are treat-
ed if possible. Although outcome in T-PLL has
improved with alemtuzumab (CD52 monoclonal anti-
body), the responses remain transient and disease pro-
gression is unavoidable. Thus, for patients showing an
initial response to therapy, consideration should be

given to autologous or allogeneic hematopoietic stem
cell transplantation [13].

Disease monitoring
Therapeutic response may be assessed by evaluating
for improvements in clinical and hematological find-
ings (e.g. decreased hepatosplenomegaly, lymphaden-
opathy, skin rash, normalization of peripheral blood
cell counts). Evaluation for minimal residual disease
may be achieved with flow cytometric immunopheno-
typing if an aberrant T-cell expression pattern is
present or with T-cell receptor gamma gene rearrange-
ment studies.

a b

c d

14

Figure 10.1. T-cell prolymphocytic leukemia.
a. Cytological features of T-PLL in peripheral blood. Note the cytoplasmicprotrusions from some cells
b. A bone marrow core biopsy section stained for TCL-1 by immunohistochemistry.
c. Flow cytometric immunophenotyping showing the T-cells to be CD4+, CD8–.
d. Conventional karyotyping showing inv(14) (q11q32)
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T-cell large granular lymphocytic
leukemia (T-LGL)

Diagnostic aspects
T-cell large granular lymphocytic (T-LGL) leukemia
is diagnosed using a combination of clinical and
laboratory findings (Table 10.3 and Figure 10.2)
[14–17]. A blood count with differential, peripheral
blood smear review, immunophenotyping and T-cell
receptor clonality studies should be performed. A
bone marrow biopsy is generally not necessary unless
there is clinical suspicion for an additional accompany-
ing disorder (e.g. myelodysplasia) or if the absolute
lymphocyte count is <0.5 × 109/L. The bone marrow
core biopsy often shows subtle interstitial and sinus-
oidal infiltrates.

Morphology: The blood cell count will reveal, in addi-
tion to variable cytopenias, an absolute lymphocytosis
(>1.0–2.0 × 109/L) with typical large granular lympho-
cyte (LGL) morphology. However, up to one-third of
newly diagnosed patients show an absolute lympho-
cyte count <0.5 × 109/L.

Immunophenotype: T-LGL leukemia exhibits a
mature cytotoxic T-cell phenotype (CD3+, CD8+,
CD57+) and is nearly always of alpha/beta T-cell
receptor type. Rare cases are CD4þ and/or of
gamma/delta T-cell receptor type
Immunophenotypic clues to clonality are gained
by aberrant expression of other T-cell markers (CD5,
CD7 most commonly), as well as Vβ restriction or
monotypic killer cell immunoglobulin-like receptor
(KIR) expression (CD157b, CD158a, CD158e). Given

Table 10.3. Laboratory evaluation of T-cell large granular lymphocytic leukemia [14–17].

Test/Procedure Frequency and comments

Blood count with differential
count

At diagnosis
Variable degree of absolute lymphocytosis (usually >1.0–2.0 × 109/L)
Typical LGL morphology (inconspicuous nucleoli and abundant pale blue cytoplasm containing variable
numbers and sizes of azurophilic granules)

Flow cytometric
immunophenotyping

At diagnosis
Confirm mature T-cell phenotype; CD3+, CD8+, CD57+; nearly all cases alpha/beta subtype
Aberrant expression of CD2, CD3, CD5 and/or CD7
Vβ restriction or monotypic killer cell immunoglobulin-like receptor (KIR) expression (CD157b, CD158a,
CD158e) may help distinguish from reactive process
Subsequent monitoring may be performed to assess disease resistance and/or for protocol
requirements

Bone marrow (BM)
examination

Generally not necessary unless protocol requirement, suspicion for a second BM disorder and/or
absolute lymphocytosis < 0.5 × 109/L
Infiltrate predominantly interstitial and intra-sinusoidal
Infiltrate may be difficult to identify on morphological review alone
Immunohistochemistry for CD3/CD8 reveals pattern and extent

Assessment for potential
targeted therapy

Determine if CD2 present for potential siplizumab therapy
Determine if CD52 present for potential alemtuzumab therapy
Determine if CD122 present for potential miK-beta-1 therapy

Cytogenetics Generally not necessary unless protocol requirement
No specific recurrent abnormalities

Molecular assessment for
clonality (blood)

Generally required at diagnosis to distinguish from non-neoplastic LGL proliferation
T-cell receptor clonality expected

Minimal residual disease
detection

Flow cytometric or molecular tests not needed as clinical and hematological improvements do not
correlate with a reduction in LGL burden
Blood count with differential will document persistent or improved cytopenia(s)

Pre-transplant assessment CBC will reveal progressive disease
Bone marrow biopsy could be considered to assess for marrow percent involvement or evidence of
another, concurrent disease process

10 Mature T-cell and natural-killer cell leukemias

195



the availability of certain targeted therapies, confirma-
tion of the presence of CD2, CD52 and/or CD122
may be helpful. A more aggressive form of T-LGL
leukemia often exhibits immunophenotypic differen-
ces including expression of CD26 and CD56 and lack
of CD57.

Molecular genetics: Confirmation of T-cell receptor
gamma clonality is a key component in the establish-
ment of the diagnosis of T-LGL leukemia. Chronic
and transient elevations of T-LGLs are well-
known and require distinction from true T-LGL
leukemia. Non-neoplastic LGL conditions show oli-
goclonal or polyclonal T-cell receptor patterns.

Clinical aspects
The indications for treatment in T-LGL leukemia
include recurrent infections, symptomatic thrombocy-
topenia or anemia, symptomatic splenomegaly, severe
neutropenia and severe B symptoms. For the 30% of
patients who are asymptomatic and lack severe cytope-
nia(s) a “watch and wait” approach is advocated. Such
individuals are managed conservatively and indications
for subsequent testing (e.g. blood count) should be
driven by development of symptomatology.

Patients requiring therapy are identified based
on the above-mentioned indications with immuno-
suppression playing the major role in treatment

a b

c d

Figure 10.2. T-cell large granular lymphocytic leukemia.
a. Peripheral blood showing numerous large granular lymphocytes.
b. Bone marrow biopsy where the infiltrate is relatively inconspicuous by hematoxylin and eosin staining (H&E).
c. Immunoperoxidase staining for CD3 highlights the infiltration of the bone marrow core biopsy by T-LGL.
d. Flow cytometric immunophenotyping shows a significant population of CD8+ CD57+ cytotoxic, suppressor T-cells.
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regimens. It has been recommended that such
patients be enrolled in a clinical trial or treated with
methotrexate, cyclophosphamide or cyclosporin A
with or without corticosteroids. In general, patients
will require lifelong therapy to maintain a durable
response. Hematopoietic growth factors (granulocyte
colony stimulating factor) may also be used in
patients with severe neutropenia and/or recurrent
infections. Antibiotics are often also utilized in this
setting. Splenectomy is not routinely performed
although may show success in rare individuals. If
there is no response to the initial therapy, based on
clinical, physical and/or blood count factors, reas-
signment to a clinical trial, treatment with second-
line therapy (e.g. alemtuzumab) or hematopoietic
stem cell transplantation are considered.

In addition to the general principle of immu-
nosuppressive therapy for T-LGL leukemia, specific
therapeutic targets are also being investigated, pre-
dominantly in Phase I and Phase II clinical trials.
These include therapies against CD2, CD52, CD122
and others (Table 10.3).

Disease monitoring
In the majority of patients, there is no need to per-
form follow-up flow cytometric or molecular tests as
clinical and hematologic improvements do not cor-
relate with a reduction in LGL burden [18]. A routine
blood count with differential may document the per-
sistent or improved cytopenia(s). Clinical findings
and physical examination are adequate to assess the
response to treatment based on the resolution of
recurrent infections and improvement in B symp-
toms and splenomegaly. Currently it is recommen-
ded that one wait to assess response until after 4
months of therapy as it may take 6–8 weeks to see
any initial improvement. The lack of a significant
response to therapy after four months or evidence
of worsening disease will be evident from these mon-
itoring modalities. In progressive disease, hemato-
poietic stem cell transplantation may be a treatment
option. No additional testing is necessary per se for
the T-LGL leukemia itself, as increasing tumor bur-
den is likely evident from the ongoing tests; clinical
findings, physical exam and blood count. Bone mar-
row biopsy could be considered to assess for marrow
percent involvement or evidence of another, concur-
rent disease process such as myelodysplasia.

Chronic lymphoproliferative disorders
of NK-cells (NK-CLPN)
The diagnostic approach in a case of possible NK-
CLPN requires that four initial requirements be
met:

1. Documentation of increased circulating large
granular lymphocytes (LGLs) (≥ 2 × 109/L) (blood
count and differential cell count).

2. Documentation that LGLs are NK cells (not
cytotoxic/suppressor T-cells) (flow cytometric
immunophenotyping).

3. Documentation that the increased circulating NK
large granular lymphocytosis is sustained for over
six months (repeat blood count and leukocyte
differential cell counts).

4. Exclusion of reactive causes of NK-cell
lymphocytosis (clinical and laboratory evaluations
to exclude infection, underlying neoplasm, vasculitis,
neuropathy and autoimmune disorders) [7].

Once these four initial requirements have been met,
the final diagnosis of the WHO 2008 provisional cat-
egory of NK-CLPN may require sophisticated flow
cytometric immunophenotyping for killer inhibitory
receptor profile, possible bone marrow examination,
and tests to exclude an Epstein–Barr-related lesion
(Table 10.4) (Figure 10.3) [2,7,19–25]. The extent of
testing performed is highly patient-specific. For exam-
ple, asymptomatic patients with intact hematopoietic
lineage cell counts may require only infrequent blood
counts and differential cell counts with even less fre-
quent monitoring by flow cytometric immunopheno-
typing of blood. In contrast, either symptomatic
patients or patients in whom the diagnosis is not
clear-cut, may require additional testing including
bone marrow examination and possible molecular
assessment, especially if T-cell disorders are to be
excluded. Intrasinusoidal localization is a somewhat
distinctive feature of NK-CLPN in bone marrow and,
in general, immunohistochemical assessment is neces-
sary to delineate the pattern and extent of bone mar-
row infiltration (Figure 10.3).

Prototypic morphological and immunophenotypic
features of NK-CLPN are illustrated in Figure 10.3.
Since most patients are asymptomatic, no therapy
may be needed; the clinical course is indolent in
these patients and spontaneous remissions may occur
[7,21,26].
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Adult T-cell leukemia/lymphoma
Adult T-cell leukemia/lymphoma (ATLL) is unique
among the mature T-cell leukemias in that a viral
etiology (human T-cell leukemia virus-1) has been
confirmed in conjunction with a specific geographic
disease distribution in southwestern Japan, the
Caribbean basin, West Africa, Brazil and northern
Iran [4,27]. Likewise, as predicted by a viral patho-
genesis, there is a broad spectrum of clinical manifes-
tations including smoldering, chronic, lymphomatous
and acute forms [4,27–29]. Evolution from carrier
state to overt leukemia takes decades and only a

small proportion of carriers experience this aggressive
transformation [4]. Only the acute form of ATLL with
distinctive leukemic manifestations (acute ATL) will
be discussed in this chapter.

Despite the long latency of human T-cell leukemia
virus-1 (HTLV-1) infection, patients with acute ATL
typically manifest with the fairly abrupt onset of
symptomatology. These disease manifestations are
often systemic and include lymphadenopathy, hepa-
tosplenomegaly, skin lesions and hypercalcemia as
well as a leukemic blood and bone marrow picture
[4,27–29]. Hypercalcemia is the result of the

Table 10.4. Laboratory evaluation of chronic lymphoproliferative disorders of NK-cells [2,7,19,20,22–25].

Test/Procedure Frequency and comments

Blood count with differential count
(blood)

At diagnosis
Documentation of sustained LGL for at least six months
Infrequent follow-up blood counts if patient asymptomatic
Monitor for development of cytopenia(s), especially if patient develops symptoms
Monitor for response to therapy (if given for cytopenias or for NK-CLPN)

Flow cytometric immunophenotyping
(blood)

Establish NK-cell lineage at diagnosis
Assess for aberrant loss of CD2, CD7, CD57
Diminished expression of CD2, CD7 or CD56 may be useful in distinguishing from reactive NK
cell proliferation
Assess for aberrant expression of CD5
Assess for KIR isoform expression profile on NK-cells (specialized laboratory test)
Assess for response to therapy

Bone marrow examination (at diagnosis) May not be necessary in asymptomatic patients
Assess for pattern and extent of NK-CLPN infiltration on clot or core biopsy sections utilizing
immunohistochemical staining for CD3 (cytoplasmic), CD56 (usually positive), TIA-1 (highlights
cytoplasmic granules)
Diminished expression of CD2, CD7 or CD56 may be useful in distinguishing from reactive
NK-cell proliferation
Typical NK-CLPN infiltrates in bone marrow are intra-sinusoidal and interstitial

Repeat bone marrow examination May not be necessary
Performance and frequency are patient-specific
Can be used to assess response to therapy
May be useful for evaluation of new onset cytopenias

Cytogenetics (bone marrow preferred) Karyotype usually normal
Not recommended as routine test for diagnosis

Molecular assessment for clonality
(blood)

Normal
Not recommended unless T-LGL is under consideration
Gene expression profiling may distinguish neoplastic from reactive NK-cell proliferations (not
routine test)
PCR-based assessment of KIR genotypes may be helpful in distinguishing NK-CLPN from
benign conditions (not routine test)

Assessment for EBV in NK cells (tissue,
cell block section)

EBER in situ hybridization staining on tissue sections
Should be negative
NK-CLPN not EBV-related neoplasm
Positive result should prompt consideration of aggressive NK-cell leukemia

KIR = Killer Ig-like inhibitory receptors, EBER = EBV RNA.
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constitutive production of parathyroid hormone-
related protein by the leukemic cells [30].

Diagnostic aspects
A diagnosis of acute ATL is contingent upon the integra-
tion of blood count data, lymphocyte morphology, flow
cytometric immunophenotyping and serologic studies
for HTLV-1 (Table 10.5 and Figure 10.4) [4,27–29].

Morphology: Although a morphological spectrum of
lymphocyte morphology has been described, the pro-
totypic circulating leukemic acute ATL cells exhibit
mature nuclear chromatin condensation with marked
nuclear lobation including clover leaf nuclei (flower
cells) which are readily apparent at low magnification
(Figure 10.4) [4,6,29,31,32].

Immunophenotype: Flow cytometric immunopheno-
typing confirms a mature T-cell phenotype with
several distinctive and diagnostically useful aberra-
tions. The clear-cut majority of cases of ATL derive
from helper (CD4+) T-cells; only very rare cases of
either CD8+ ATL or double CD4+ CD8+ cases
have been described [4]. In addition, CD7 expres-
sion is typically absent, while CD25 is strongly
expressed [4,29]. Similarly aberrantly reduced
expression of CD3 has been described also in
ATL [27].

Clinical aspects
Definitive diagnosis is contingent upon documenta-
tion of underlying HTLV-1 infection which can be
assessed serologically, although confirmation of clonal
integration of HTLV-1 provirus in the host genome
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Figure 10.3. Chronic lymphoproliferative disorder of NK-cells.
a. Circulating large granular lymphocytes in the blood.
b. In the bone marrow there is a predilection for sinusoidal infiltration highlighted by TIA-1 immunoperoxidase staining.
c. Flow cytometric immunophenotyping shows a distinct population of CD56+, CD2+ cells.
d. Flow cytometry showing the cells to be CD3−.
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confirms causality [33]. Unlike chronic ATL, acute
ATL is biologically aggressive with median survival
times barely exceeding one year [34]. Most cases of
acute ATL are resistant to conventional chemother-
apy prompting evaluations of alternative therapies
[34]. Because most cases of acute ATL express
CD52, alemtuzumab may prove to be clinically
effective [10]. Recent investigators have tried zido-
vudine plus alpha-interferon with or without arsenic
trioxide for chronic ATL with the goal of inducing
remissions of the chronic less biologically aggressive
form of ATL, thus preventing subsequent acute
transformation [34].

Leukemic cutaneous T-cell lymphoma
(Sézary syndrome)
Sézary syndrome (SS) is defined by the presence of
erythroderma, generalized lymphadenopathy and cir-
culating Sézary cells [5]. Sézary syndrome can occur de
novo or in the setting of long-standing mycosis
fungoides.

Diagnostic aspects
Sézary syndrome is diagnosed by clinical and labora-
tory findings (Table 10.6 and Figure 10.5). Integral to
the diagnosis is a blood count with absolute Sézary
count, flow cytometric analysis and often, T-cell recep-
tor clonality studies. Demonstration of an absolute
Sézary count ≥ 1.0 × 109/L, and/or CD4:CD8 ratio
≥ 10 or an expanded CD4+ T-cell population with
aberrant T-cell antigen expression is required [5].

The analysis of and quantification of blood for
Sézary cells is integral to the current staging work-up
of cutaneous T-cell lymphomas [35,36]. The extent of
blood involvement by Sézary cells is used to categorize
the “blood” stage of the patient into B0, B1 and B2
(Table 10.7). Flow cytometric analysis and often T-cell
receptor clonality studies are needed.

Morphology: The circulating neoplastic cells in pri-
mary and secondary SS exhibit characteristic cerebri-
form nuclear outlines best detected on high
magnification (Figure 10.5). The nuclei of Sézary
cells are often more hyperchromatic than normal

Table 10.5. Laboratory evaluation of adult T-Cell leukemia/lymphoma [4,27–29,31,32].

Test/Procedure Frequency and comments

Blood count with differential cell
count (blood)

At diagnosis
Marked absolute lymphocytosis with unique morphology
Ongoing regular monitoring for response to therapy

Flow cytometric
immunophenotyping (blood)

At diagnosis
Confirm mature T-cell phenotype, CD4+, CD7−, CD25+ (Rare CD8+ cases)
Reduced CD3 expression common feature
Frequency of repeat monitoring may be linked to blood count response or protocol requirements

HTLV viral assessment (serum) At diagnosis
Confirm association with HTLV-1 infection
Consider other differential diagnoses if negative

Cytogenetics Not usually required
No recurrent abnormality but clonal abnormalities almost always detected

Molecular (clonality) Not usually required unless non-neoplastic disorders under consideration
Clonal T-cell receptor gene rearrangement expected finding
Monoclonal integration of HTLV-1 proviral genome can be assessed (not routine test)

Assessment for potential targeted
therapy

Determine if CD52 expressed for potential alemtuzumab therapy
Reassess if patient becomes resistant to alemtuzumab

Bone marrow examination Variable extent of bone marrow effacement
Immunohistochemical assessment (CD3, CD4, CD7, CD25) useful in delineating pattern (usually
diffuse) and extent of infiltration
Repeat bone marrow examination may be useful for monitoring treatment response or if protocol
requirement

Alemtuzumab = Campath-1H = humanized IgG CD52 antibody [10].
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lymphoid cells and may show a range in cell size.
Morphological distinction of small Sézary cells from
normal lymphocytes may be challenging. Cells with
cytological features of Sézary cells can be present in the
blood of healthy control subjects and patients with
non-neoplastic cutaneous disorders. Judicious use of
ancillary tests such as flow cytometry to discriminate
neoplastic cells from non-neoplastic is often necessary.
In the bone marrow, the infiltrates are remarkably
subtle and scant and often require immunohistochem-
ical stains for identification.

Immunophenotype: Flow cytometric analysis reveals a
mature T-cell population most often CD4+ T-helper

phenotype. Although by no means specific, compared
with other T-cell leukemia disorders, SS exhibits a
fairly classic loss or weak expression of CD7 and
CD26. CD2, CD3 and CD5 may show aberrant weak
or bright expression. The CD4: CD8 ratio typically
exceeds 10. Recently the presence of CD158k has
been reported as being highly specific and sensitive
for Sézary cells [37], and may be particularly useful
for minimal residual disease detection.

Caution should be used when interpreting flow
cytometric findings as clear-cut evidence of Sézary
cells, given that a certain percent of circulating
T-cells in healthy individuals and in persons with
non-neoplastic cutaneous conditions may show a
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Figure 10.4. Adult T-cell leukemia/lymphoma.
a. Cytological features of ATL cells in the blood.
b. At higher magnification note striking nuclear lobulation of ATL cells in the peripheral blood.
c. Morphological features of acute ATL in a tissue biopsy.
d. Bone marrow biopsy showing extensive diffuse effacement of the marrow.
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CD3+, CD4+/CD7− immunophenotype. Reference
ranges for CD4+/CD7− subsets are as follows. As a
percentage of total lymphocytes CD3+/CD4+/CD7−
T-cells have been reported as:

* Normal controls: 3–13%.
* Benign dermatoses: 2–38%.

As a percentage of all CD4+ T-cells, those with loss of
CD7 have been reported as:

* Normal controls: 3.6–16.5%.
* Reactive dermatoses: 2.1–21%.
* Sézary syndrome: 4.7–96.7% [38].

Therefore, in many cases the flow cytometric results
in patients with Sézary syndrome and benign der-
matoses may be overlapping. Clinical correlation
(including potential therapy) and possible molecular
analysis is required to confirm a diagnosis of Sézary
syndrome.

Molecular genetics: Molecular analysis for a clonal
T-cell receptor (TCR) gene rearrangement of blood may
be necessary in some cases at presentation to confirm
the diagnosis of blood involvement. Establishment of
the baseline TCR clonal fingerprint may be useful for
comparison in follow-up studies of blood for minimal

Table 10.6. Laboratory evaluation of Sézary syndrome [5,6,36,37,39].

Test/Procedure Frequency and comments

Skin biopsy At diagnosis (unless previously diagnosed mycosis fungoides)
Dermatopathologist review
Immunohistochemistry as needed

Blood tests Comprehensive metabolic panel
Lactate dehydrogenase

Blood count with differential
count (blood)

At diagnosis
Variable degree of absolute lymphocytosis (usually > 1.0–2.0 × 109/L)
Typical Sézary morphology (intermediate to large with hyperchromasia and cerebriform nuclei)
Absolute Sézary count should be determined for staging (see Table 10.7)

Flow cytometric
immunophenotyping (blood)

At diagnosis
Confirm mature T-cell phenotype; CD3+, CD4+, CD7−, CD26−
All cases alpha/beta subtype
Assess for expanded CD4+ population with CD4:CD8 ratio ≥ 10 or evidence of aberrant T-cell antigen
expression (other than CD7)
CD4+/CD7− ≥ 40% or CD4+/CD26− ≥ 30% of lymphocytes in conjunction with positive T-cell receptor
gene rearrangement
CD4+/CD7− cells may comprise up to 38% of total lymphocytes in some non-neoplastic conditions
The presence of CD158k is highly specific for Sézary cells
Subsequent monitoring may be related to assess disease resistance/response and/or protocol
requirements

Bone marrow examination Generally not necessary unless protocol requirement
BM often spared or with minimal interstitial involvement irrespective of degree of peripheral blood
involvement

Molecular assessment for
clonality (blood)

Generally performed at diagnosis
T-cell receptor clonality expected; positive clone should be interpreted with caution as may be seen
occasionally in non-neoplastic conditions
Establishment of the baseline TCR clonal fingerprint may be useful for comparison in follow-up studies
for minimal residual disease

Cytogenetics Generally not necessary unless protocol requirement
No specific recurrent abnormalities

Assessment for potential
targeted therapy

Assess for CD52 for potential alemtuzumab therapy
CD4 positivity for potential zanolimumab therapy

Minimal residual disease
detection

Assess for disease response as indicated or per protocol
Flow cytometry (CD158k) or clonal T-cell receptor studies

2 Hematological malignancies

202



residual disease. T-cell receptor clonality may however
be identified in some patients with autoimmune disease
and in some healthy adults, and thus should be inter-
preted in conjunctionwith the entire clinical context [39].

Clinical aspects
Therapies specifically targeting CD4 and CD52 on
Sézary cells (zanolimumab and alemtuzumab) have
been utilized, mainly in refractory cutaneous T-cell
lymphoma (CTCL) cases. Zanolimumab has been
shown to be efficacious [40]. Alemtuzumab is active
against Sézary syndrome but is associated with a high
risk of opportunistic infections [41]. Consequently,
this agent is most effective in lower doses as a palliative
treatment. Allogeneic and autologous stem cell trans-
plants have been performed in some cases of refrac-
tory, progressive CTCL. Although the number of cases

is small, allogeneic transplants have seen more durable
responses than autologous.

Summary
Mature T-cell and NK-cell lymphoproliferative disor-
ders comprise a fairly rare and limited set of chronic
leukemias. Although characteristic hematological and/
or morphological features exist for some of the disor-
ders (e.g. high WBC count in T-PLL, “flower-like”
nuclei in ATLL), integration of morphological find-
ings with immunophenotypic and occasionally cyto-
genetic/molecular studies is required for a definite
diagnosis.

Multi-parameter flow cytometric analysis is a
necessary and practical upfront approach to these dis-
orders to:

a b

c d

Figure 10.5. Sézary syndrome.
a. Circulating Sézary cells showing prominent variation in size.
b. Blood film at high magnification demonstrating the subtle nuclear convolutions of the Sézary cells.
c. Flow cytometric immunophenotyping showing the cells to be CD3+, CD4+ (red events).
d. There is variable intensity of CD7 expression (red events).
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1. Establish lineage (T-cell vs. NK-cell vs. other).
2. Exclude an immature neoplasm (lack of CD34,

TdT, CD1a).
3. Provide clues to the diagnosis based on a

characteristic antigen profile.
4. Reveal a marker(s) to follow for minimal residual

disease (e.g. T-cell aberrancy).

Cytogenetics is generally not helpful in establishing
a diagnosis except for the characteristic inversion 14
or t(X;14) seen in T-PLL. Molecular T-cell receptor
studies are generally clonal in the T-cell disorders and
may be used to follow the patient for disease response/
pre-transplantation monitoring. Targeted therapies
remain fairly limited for mature T-cell and NK-cell
lymphoproliferative disorders. However, progress has
been, and continues to be made, particularly with
monoclonal antibodies. For example, alemtuzumab,
(CD52) is useful in the treatment of T-PLL and refrac-
tory cutaneous T-cell lymphoma/Sézary syndrome.

Upfront hematological, morphological, immuno-
phenotypic and, as indicated, molecular testing are
integral to the diagnosis and subsequent monitoring
of T-cell/NK-cell mature leukemias. The generous use
of specialized testing techniques at diagnosis allows for
the identification of key features/aberrancies that serve
as a genetic fingerprint of the disease. These features
may then be used for subsequent disease monitoring
as needed.
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11 Lymphoma
Jennifer Herrick and Ahmet Dogan

Introduction
The cornerstone of the diagnosis of lymphoma is
the architectural pattern and cytology of the lesion
in the affected tissue and this is supplemented by
immunophenotypic, molecular and cytogenetic
characteristics. These features together define our
modern classification scheme of lymphoma. These
same investigations are utilized in the assessment of
bone marrow involvement by lymphoma, but with
some variations and limitations. The role of bone
marrow examination varies according to the subtype
of lymphoma. This chapter will provide the general
principles and practical guidelines of the most useful
diagnostic techniques for the detection of bone mar-
row involvement by malignant lymphomas. It will
detail the typical features and roles of morphology,
immunohistochemistry, flow cytometric immuno-
phenotyping, cytogenetic and molecular testing in
different types of lymphoma. The existence of sig-
nificant variations from the classical description will
be identified by “caveats.” Disease monitoring and
pre-transplant assessment will be discussed where
applicable. Acronyms used for the various entities
are listed in Table 11.1.

General principles of bone marrow
evaluation in lymphoma
Bone marrow examination is routinely performed for
lymphoma staging. A bone marrow may also be per-
formed as an ad hoc diagnostic procedure in patients
suspected of having a neoplasm lymphoma but
who are not deemed suitable for a surgical biopsy of
the implicated tissue lesion (e.g. thrombocytopenia,
anticoagulation, unsuitable for general anesthesia). In
many specimens malignancy (hematopoietic or

non-hematopoietic) and cell lineage can be estab-
lished. However, accurate sub-typing may require cor-
relation with a tissue biopsy. In addition, the grade of
the tumor in the marrow may not reflect the extra-
medullary process.

As a practicing clinician or pathologist, it is useful
to be aware of the frequency with which the bone
marrow is involved by lymphoma as this varies by
subtype (Table 11.1) [1]. The extent of ancillary testing
should be guided by the indication for the bone
marrow examination, i.e. whether it is the primary
diagnostic test material thereby necessitating a full
work-up, or marrow staging of a previously character-
ized process. Prudent, cost-effective use of ancillary
testing in bone marrow staging or primary diagnosis
of lymphoma is recommended but this may not be
straightforward. This is because immediate decisions
must be made regarding the need for supplementary
tests on fresh tissue samples (e.g. flow cytometry,
karyotype), versus the limitations posed by bone
marrow fixation, decalcification and processing.
Table 11.2 lists the samples which are both suitable
and unsuitable for the most commonly used ancillary
tests in the assessment of lymphoma involving the
bone marrow.

It cannot be overemphasized that care must be
taken in interpreting the results of ancillary tests in
the absence of morphological evidence of lymphoma.
Discrepancies can occur due to:

1. Sampling and sensitivity issues giving a positive
ancillary test (e.g. flow cytometry) in a
morphologically negative sample.

2. Small clonal populations detectable in a small
number of patients without evidence of
pathological disease.
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3. Highly sensitive techniques may give results that
may not carry well-established clinical significance
in the absence of morphological correlation.

Due to the importance placed on morphological
assessment, it is recommended that bilateral bone
marrow trephine (core) biopsies be performed rou-
tinely for bone marrow staging of lymphoma; this
increases the sensitivity of morphological detection

in both classical Hodgkin lymphoma and non-
Hodgkin lymphomas [2]. A general overview of the
standard components for evaluating the bone mar-
row follows.

Primary diagnosis or initial staging
bone marrow
Morphology: Both bone marrow aspirate and trephine
biopsy samples are both routinely assessed in the stag-
ing of lymphoma (see Chapter 1). The aspirate can be
used for cytological detail as well as providing samples
for flow cytometry, cytogenetics andmolecular genetics
investigations. A bone marrow “squash” preparation is
more sensitive than smears for the detection of bone
marrow infiltration; overall the aspirate is less sensitive
than the trephine biopsy for the following reasons:

1. Marrow involvement by lymphoma is commonly
patchy and paratrabecular and neoplastic cells may
not be in the sample, giving a false negative result.

2. Neoplastic infiltrates are commonly enmeshed in a
fibrotic framework precluding aspiration, giving a
false negative result.

3. The cytology of the lymphoid cells can be used to
distinguish between normal and neoplastic, in
most instances, but can be difficult for lymphoma
subclassification. This requires the use of ancillary
test modalities.

The trephine biopsy has a number of advantages over
the aspirate because the cells are in situ. This enables
the topographic distribution of any infiltrate to be
assessed in relation to the bone and other cellular
elements. The morphological features that are most
useful in describing and categorizing lymphomas in
the bone marrow are:

1. Distribution pattern i.e. paratrabecular, interstitial,
nodular, sinusoidal, diffuse, mixed.

2. Cell size, i.e. smaller, equal or larger than a
macrophage or endothelial cell nucleus.

3. Cell type i.e. cleaved, round, monocytoid/
plasmacytoid, RS/Hodgkin cells).

4. Associated or accompanying features e.g. plasma
cell, amyloid, inflammatory cell, histiocytic or
granulomatous collections.

These collective features may be considered diagnostic
of a subtype or helpful to considerably narrow a diag-
nosis. Table 11.3 lists common patterns of lymphomas
involving the bone marrow.

Table 11.1. Bone marrow involvement in non-Hodgkin and
Hodgkin lymphomas [1,2,14].

Lymphoma subtype Incidence of bone
marrow involvement

Follicular lymphoma (FL), all
grades

40–70%

FL, grade 1 30–60%

FL, grade 2 7–46%

FL, grade 3 2–15%

Mantle cell lymphoma (MCL) 50–80%

Splenic marginal zone
lymphoma (SMZL)

near 100%

Extranodal marginal zone
lymphoma (EMZL)

3–20%

Nodal marginal zone
lymphoma (NMZL)

30–40%

Diffuse large B-cell lymphoma
(DLBCL)

10–30%

T-cell rich B-cell lymphoma
(TCRBCL)

15–60%

Burkitt lymphoma (BL) 15–35%

Classical Hodgkin lymphoma
(CHL), all subtypes

4–10%

Nodular sclerosis (NSCHL) 3%

Mixed cellularity (MCCHL) 10%

Lymphocyte rich (LRCHL) Rare

Lymphocyte depleted
(LDCHL)

>50%

NLP Hodgkin lymphoma
(NLPHL)

<1%

Anaplastic large cell
lymphoma (ALCL)

15–25%

Angioimmunoblastic T-cell
lymphoma (AITL)

>50%
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Table 11.2. Appropriate samples for bone marrow ancillary testing for lymphoma.

Sample selection for ancillary testing of bonemarrowmaterial

Suitable samples Unsuitable samples

Immunohistochemistry (IHC) Core biopsy
Aspirate clot/particle preparation

Aspirate smears
Touch preparation

in situ Hybridization (ISH) Core biopsy
Aspirate clot/particle preparation

Aspirate smears
Touch preparation

Flow cytometrya Liquid aspirate
Fresh core biopsy (limited results)

Aspirate smears
Aspirate clot section/particle
preparation
Fixed core biopsy

Karyotypingb Liquid aspirate Core biopsy
Aspirate smears
Aspirate clot/part preparation

Fluorescence in situ Hybridization
(FISH)

Aspirate smears
Liquid aspirate
Touch preparations
Clot section/part preparation
(limited)

Core biopsy

Polymerase chain reaction (PCR) Liquid aspirate
Clot section/particle preparation
Aspirate smears (scrape slides)

B5-fixed clot section/particle
preparation
Core biopsy

Southern blot Liquid aspirate
Frozen tissue
Aspirate smears

Aspirate clot section/particle
preparation
Core biopsy

Ancillary testing possibilities for each component of the bone marrow study

Acceptable for: Unacceptable for:

Dried aspirate or peripheral
blood smears

Morphology
FISH

Flow cytometry
IHC
PCR

Liquid aspirate or peripheral blood Flow cytometrya

PCR (RNA or DNA based)
Southern blot
FISH
Conventional karyotypeb

Morphology
IHC

Clot or particle section
Formalin-fixed

Morphology
IHC
FISH
PCR (DNA based only)

Flow cytometry
Conventional karyotyping
Southern blot

Clot or particle section
Mercuric based fixative (B5)

Morphology
IHC

Flow cytometry
Conventional karyotyping
Southern blot
PCR
FISH

Core biopsy (decalcified)
(paraffin embedded)

Morphology
IHC

Flow cytometry
FISH
PCR
Southern blot
Conventional karyotyping

a Flow cytometry acceptable mediums: RPMI, EDTA, ACD, heparin.
b Karyotyping acceptable mediums: Prefer heparin, EDTA acceptable.
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Caveat: Care should be taken in assigning a paratrabe-
cular pattern to crushed biopsies as non-paratrabecular
aggregates can be artefactually juxtaposed to bone tra-
beculae. The true paratrabecular aggregate shouldwrap
around the bone, not just be located adjacent to it.
Paratrabecular aggregates are usually somewhat fibrotic
with a linear streaming quality hugging the bone.

Immunohistochemistry: General guidelines for im-
munohistochemistry (IHC) are outlined in
Table 11.3 and described in Chapter 2. The initial
immunohistochemical panel used to diagnose lym-
phoma in the bone marrow should be based on the
morphological features (see also Chapter 2). It is
important that positive and negative controls are

Table 11.3. Morphological patterns of non-Hodgkin lymphomas in bone marrow core biopsies, differential diagnoses (DDx) and
useful IHC panels.

Pattern Differential Diagnosis

Predominantly paratrabecular FL, rituximab-induced reactive aggregates

Mixed paratrabecular/interstitial LPL, EMZL, NMZL, SMZL, MCL

Nodular MCL, CLL, SMZL, EMZL, NMZL, reactive, AILT

Interstitial MCL, CLL, DLBCL, ALCL, LPL, HCL, SMZL, NMZL, EMZL, T-PLL

Diffuse MCL, CLL, DLBCL, ALCL, LPL, HCL, SMZL, NMZL

Sinusoidal SMZL, EMZL, ALCL, intravascular DLBCL

Singular cells ALCL, rare DLBCL

Lymphohistiocytic lesions CHL, TCRBCL, PTCL, ALCL, infection, sarcoid, lipogranulomas, foreign body

Paratrabecular aggregates:

FL, MCL, LPL, MZLs, rituximab-induced reactive aggregates

CD3, CD20, CD5, CD10, BCL-6, cyclin D1, CD138, kappa/lambda

Interstitial infiltrate:

MCL, CLL, DLBCL, ALCL, LPL, HCL, SMZL, NMZL, EMZL, T-PLL

Small cell infiltrate: CD3, CD20, CD5, CD23, cyclin D1, CD138, kappa/lambda, add as needed

Large cell infiltrate: CD3, CD20, CD30, MUM-1, add as needed

Nodular infiltrate:

MCL, CLL, SMZL, EMZL, NMZL, AITL, reactive lymphoid aggregates

CD3, CD20, CD5, CD23, cyclin D1, CD138, kappa/lambda

Lymphohistiocytic aggregates:

DDx: CHL, TCRBCL, PTCL, ALCL (rare), sarcoid, infection, lipogranulomas, foreign body
granuloma

CD3, CD20, CD30, CD15, PAX-5, LCA, organism stains as needed

Small/intermediate and/or large cells with irregular nuclear contours:

DDx: PTCL, AITL, ALCL, DLBCL, blastoid MCL

CD3, CD20, CD4, CD8, CD30, ALK, cyclin D1, CD138, add as needed

Note: If the patient has been treated with an anti CD20 monoclonal antibody, an additional pan-B cell marker should be added (i.e. CD19,
CD79a, PAX-5). Particular attention should be paid to the correct staining pattern of the antibody (i.e. cytoplasmic, membranous or nuclear) as
incorrect staining patterns represent non-specific testing artefact and should not be interpreted as positive.
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assessed; normal cells that express or lack the relevant
antigen should be used as internal positive and nega-
tive controls, respectively.

Caveats:

1. Particular attention should be paid to the correct
staining pattern for all antibodies (i.e. cytoplasmic,
membranous, nuclear). Incorrect staining patterns
represent non-specific reactivity and should not
be interpreted as positive.

2. Background cell populations which may also
express a particular antigen must not be over-
interpreted as positive staining. Be sure to
correctly assign staining characteristics to the cell
population of interest.

3. If the patient has been treated with a
therapeutic monoclonal antibody (e.g. CD20
immunotherapy), another lineage-associated
marker should be used to assess the presence or
absence of the cell line of interest. The antibody
effect should be present for approximately
five half-lives of the antibody (approximately
15 weeks).

In situ hybridization: In situ hybridization (ISH) can
be performed on paraffin-embedded tissue and is a
useful adjunct to immunohistochemistry. The most
commonly used probes in lymphomas are to EBV-
encoded RNA (EBER or EBV-ISH) and kappa and
lambda light chains of immunoglobulin. Probe bind-
ing is detected with chromogenic markers and
visualized by standard light microscopy. The ISH-
stained slides, unlike FISH, can be stored for histor-
ical reassessment (much like immunohistochemical
stains).

Flow cytometric immunophenotyping: Flow cyto-
metry immunophenotyping (FCI) is a powerful tech-
nique for cell identification in a liquid bone marrow
aspirate sample based on antigen expression (see
Chapter 3 for details). However, it is only useful if
there are adequate cells in the sample and the aspirate
is involved by the lymphomatous process; otherwise
the results will reflect normal uninvolved marrow or
peripheral blood. In mature B-cell neoplasms FCI
can identify a disease-associated phenotype and
show light chain restriction. For mature T-cell lym-
phomas FCI can identify aberrant loss of an antigen
or an unusually homogeneous immunophenotype.

However, there are some significant limitations to
FCI in lymphoma analysis. For example, larger cells
such as Reed–Sternberg (RS) cells, lymphocyte pre-
dominant “popcorn cells,” ALCL and DLBCL are not
well represented in the marrow and many T-cell lym-
phomas do not have an aberrant phenotype. FCI can
therefore not be used in isolation to establish the pres-
ence or absence of marrow involvement by these lym-
phoma types. Lymphomas which adhere to the bone
marrow and where there is significant fibrosis and are
not easily aspirated are also commonly undetectable on
FCI, e.g. follicular lymphoma. Therefore, a negative
result on flow cytometry does not exclude marrow
involvement by lymphoma.

Caveat: Flow cytometry may give false negative
results due to sampling issues such as focal disease,
fibrosis or adherence to the marrow stroma. Flow
cytometry may not accurately quantify neoplastic
cells in the marrow due to blood contamination or
processing artefact.

Cytogenetics
Conventional karyotyping: Conventional karyotyping
has a limited role in the diagnosis or staging of lym-
phomas in the bone marrow. In most situations a
normal karyotype is obtained as the mitotically active
background normal hematopoietic cells “swamp” the
more slowly dividing lymphoma cells. If a cytogeneti-
cally abnormal population is detected, it frequently
does not add critical information to the diagnosis;
questions about specific chromosomal abnormalities
can be more efficiently and rapidly addressed by fluo-
rescence in situ hybridization (FISH) studies. Chro-
mosome studies are useful if there is a question of a
secondary myeloid process, e.g. therapy-related mye-
lodysplasia following chemotherapy.

FISH: Fluorescence in situ hybridization (FISH) stud-
ies are very useful for lymphomas that require the
presence of a specific genetic anomaly for diagnosis.
For others FISH detectable chromosomal abnormal-
ities may be helpful but other quicker and less expen-
sive methods for the same aberrancy may suffice, such
as immunohistochemistry. Positive FISH results are
rarely entirely disease-specific and must be correlated
with other diagnostic modalities to reach a final accu-
rate diagnosis. Also, low percentage positive results
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should be interpreted with caution as some low-level
translocations can be seen in normal individuals. FISH
probes that are useful in the assessment of lymphoma
are listed in Table 11.4.

Molecular genetics
PCR: PCR-based studies for clonal gene rearrange-
ments or specific translocations can be applied to
bone marrow and most successfully on liquid aspirate
samples. Processing of the bone marrow trephine lim-
its its suitability (see Table 11.2). PCR assays for clonal
B-cell gene rearrangements (IG PCR) use Ig light and
heavy chain primer sets (such as in the BIOMED-2
protocols) and are highly sensitive [3].When this assay
is used neoplasms historically negative for a clone can
be shown to have monoclonal rearrangements (i.e.
classical Hodgkin lymphoma, nodular LP Hodgkin
and many follicular lymphomas). PCR for clonal T-
cell gene rearrangements (TCR) is generally performed
using probes detecting the gamma (TCRG) or beta
(TCRB) region. A combined TCRG and TCRB PCR
approach increases the sensitivity of detecting clonal
T-cell populations. All lymphoid cell clonality PCR
assays should be interpreted in the context of morpho-
logical and immunophenotypic data. This is because

equivocal and positive results can be seen in autoim-
mune disorders or with restricted T-cell repertoires
(e.g. aging) with the potential of false positives.

Caveat: Up to 10% of B-cell lymphomas can have a
clonal TCR as well as IG gene rearrangement and 10%
of T-cell lymphomas can have a clonal IG rearrange-
ment. Up to 90% of B lymphoblastic leukemia/lym-
phoma (see Chapter 7) can have a clonal TCR,
especially in pediatric patients; these should be in
the setting of a double positive result for both IG
and TCR rearrangements.

Southern blotting: Southern blotting has been used to
establish clonality within DNA segments associated
within B, T and EBV genetic material. It has a diag-
nostic sensitivity of 5% and hence may give false neg-
ative results. However, an unequivocally positive band
is a solid indicator of a clonal population and very
strong evidence for a neoplasm. Southern blotting is
labor intensive and has now been replaced by faster,
less expensive and more flexible PCR-based tests.

Assessment of residual bone marrow
disease and therapeutic monitoring
The crux of remission status surveillance relies on clin-
ical assessment including physical examination, blood
counts, imaging/PET scans andmonitoringmetabolites
(i.e. LDH). If the lymphoma involves the blood or was
present in the marrow at diagnosis, marrow examina-
tion is indicated. Flow cytometric immunophenotyping
may be useful for disease monitoring of the peripheral
blood or bone marrow aspirate. Because many B-cell
neoplasms are treated with a CD20 monoclonal anti-
body, an additional B-cell marker (as well as CD20)
must be included in a panel to allow for the detection
of residual neoplastic B-cells. Similarly, expression of
additional therapeutic targets (e.g. CD52 and CD25)
can be assessed for therapeutic dosing efficacy.

Pre-transplant bone marrow assessment
Not all lymphoma subtypes are treated with stem cell
transplant. However, many aggressive or refractory
neoplasms are associated with an increased survival
with a transplant. Autologous stem cells are com-
monly used because the mortality and morbidity
rates are much more favorable. However this poses

Table 11.4. FISH probes available for lymphoma diagnosis
(adapted from [9]).

Chromosome
abnormality

FISH probes Lymphoma
type

t(8;14)(q24;q32) MYC-IGH; MYC BL; DLBCL; FL;
MCL; PLL

t(2;8)(p11;q24) MYC breakapart BL, DLBCL; FL

t(8;22)(q24;q11) MYC breakapart BL, DLBCL; FL

t(14;18)(q32;q21) IGH-BCL2 FL; DLCL; CLL
(rare)

t(3;v)(q27;v) BCL6 breakapart DLBCL; FL

t(11;18)(q21;q21) API2-MALT1; MALT1 EMZL (MALT)

t(14;18)(q32;q21) MALT1 breakapart EMZL (MALT)

t(11;14)(q13;q32) CCND1-IGH MCL

t(2;v)(p23;v) ALK breakapart ALCL

del (11)(q22) ATM CLL

del(13)(q14) D13S319 CLL

del(17)(p13) TP53 CLL

trisomies Centromere probes Many subtypes
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the risk of tumor cell contamination and reinfusion
due to the high incidence of peripheral blood and/or
bone marrow involvement. Pre-transplant tumor cell
detection by flow cytometry of the blood and/or bone
marrow prior to collection is recommended. In vivo or
in vitro purging of neoplastic cells has been investi-
gated with some reports of a longer relapse-free sur-
vival time; however, longer survival studies are needed
[4]. Monoclonal immunotherapy in combination with
chemotherapy is often used to prepare patients for
transplant. If a specimen shows involvement by mor-
phological, flow cytometric, immunocytochemical or
clonal molecular gene rearrangement analyses, addi-
tional treatment with monoclonal antibody immuno-
therapy may be used for purging the remaining tumor
before transplant. Post harvest in vitro purging of the
infusion product can also be performed and offers
another method of purification.

This overview has discussed the general principles and
methods for bone marrow assessment in respect to
solid tissue lymphoma. Specific lymphoma types and
their features in the bone marrow are addressed in the
following section.

Follicular lymphoma
Follicular lymphoma (FL) is a common lymphoma of
germinal center B-cell origin which commonly
involves the bone marrow (Table 11.1). Ninety percent
of cases are associated with the t(14;18)(q32,q21);
IGH-BCL2. Rearrangements of BCL6 located on chro-
mosome 3q27 are present in a subset of the remaining
cases. Rare t(8;14)(q24;q32); MYC-IGH have been
reported in FL; however, a more aggressive process
such as Burkitt lymphoma should be excluded if this is
detected. The incidence of BM involvement in FL is
inversely related to the grade of lymphoma. The
reported ranges for marrow involvement for grades 1,
2 and 3 are 30–60%, 7–46% and 2–15% respectively; the
peripheral blood is involved in approximately 18% of
cases [5]. Diagnostic tests for FL include immunohis-
tochemistry, flow cytometry, FISH for t(14;18)(q32,
q21); BCL2-IGH and PCR. However, these techniques
rarely add value as the neoplastic cells do not aspirate
reliably and false negative results can be seen [6,7]. Bone
marrow trephine morphology alone is usually sufficient
in bone marrow staging FL. When there is marrow
involvement there may be a difference in the grade of
the lymphoma between the bone marrow and the

primary tissue; this is termed discordant lymphoma
and is important to note. The majority of these are
discordant grades of FL or FL and DLBCL in different
sites, implying the association of a lower grade process
to a more aggressive process within a single clone [5].

Primary diagnosis or initial staging
bone marrow
Morphology: The neoplastic cells seldom involve the
peripheral blood and are not readily aspirated due to
increased fibrosis in the bed of the lymphoid aggre-
gates. If the peripheral blood or bone marrow aspirate
are involved, the cells are typically small to medium-
sized with distinctly clefted nuclei. The bone marrow
trephine (core) biopsy is the mainstay of the bone
marrow study. The biopsy typically contains lympho-
cyte aggregates in a predominantly paratrabecular
location forming fibrotic linear networks of small
cells with intermixed small cleaved cells (centrocytes)
and few larger non-cleaved cells with peripherally
localized chromatin (centroblasts). It is because of
the patchy and paratrabecular nature of the marrow
infiltrate that the aspirate may be normal, even when
there is extensive marrow involvement (Figure 11.1).

It is important to note that paratrabecular lym-
phoid infiltrates are not diagnostic of FL as they can
also be seen in MCL, marginal zone lymphomas
(MZL) and LPL. However, in these other lymphoma
types they usually have a mixed picture with nodular/
interstitial infiltrates as well as the paratrabecular
lesions. Isolated paratrabecular lesions favor FL.
Other distinguishing features are:

1. MCL can have clefted cytology similar to FL;
however, cyclin D1 immunostaining or FISH for
t(11;14)(q13;q32); CCND1-IGH can exclude this
possibility, if needed.

2. LPL andMZL usually have round nuclear contours
with more moderately abundant cytoplasm and
evidence of plasmacytic differentiation.

Ancillary tests in follicular lymphoma

Typical immunophenotype:
Positive: CD10, CD20, PAX-5, BCL-6, BCL-2, CD23.
Negative: CD3, CD43, CD5, cyclin D1.

Immunohistochemistry panel: CD3, CD10, CD20, BCL-6,
BCL-2, cyclin D1.

Genetics: t(14;18)(q32;q21); IGH-BCL2.
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Immunohistochemistry: If the typical morphological
features are present on the H&E stained core biopsy
this will suffice formarrow staging. Immunohistochem-
istry shows the lymphoid aggregates to be comprised of
B-cells with significant numbers of admixed small reac-
tive T-cells. The neoplastic B-cells have a germinal cen-
ter phenotype (BCL-6 or CD10 positive), which is
supportive evidence for FL. BCL-2 will be positive on
the FL B-cells, reactive T-cells and mantle cells.

Caveats: CD10 and BCL-6 can be negative in FL.
Normal T-cells and normal mantle cells express BCL-2.

Flow cytometry: Flow cytometry has limited use
in assessing FL involving the bone marrow. If the
neoplastic population is detectable by FCI, it expresses
B-cell antigens (CD19, CD20), is CD10-positive and
frequently has dim to negative surface light chain
immunoglobulin expression. Permeabilizing the cells
to detect cytoplasmic immunoglobulin will generally
show light chain restriction confirming the presence
of FL cells. A CD10-positive B-cell population is
not specific for FL as this can also be seen in
DLBCL, Burkitt lymphoma or an unusual maturing
B-ALL. A light chain immunoglobulin-negative,
CD19 and CD10-positive population can represent

a b

c d

Figure 11.1. Follicular lymphoma in the bone marrow.
a. Peripheral blood: approximately 20% of cases contain cleaved cells in the blood.
b. Wright–Giemsa aspirate smear may not show many neoplastic cells even in extensively involved marrows. Malignant cells are variably sized

with clefted nuclear contours (inset).
c. The core biopsy typically contains paratrabecular lymphoid aggregates with intercellular fibrotic bands creating a streaming appearance. Low

grade pattern at 40×.
d. 100×.
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hematogones, B-ALL, FL, DLBCL or reactive lym-
phoid hyperplasia. Sometimes FL cells will be negative
for CD10 by FC but show positive expression by IHC.
It is not uncommon for FC to be negative on the
aspirate even when there is morphological evidence
of marrow involvement on the core biopsy [6,7]. This
is because of the failure to aspirate the paratrabecular
neoplastic cells.

Cytogenetics studies
Karyotyping: Karyotyping the bone marrow is gener-
ally not of any use in assessing FL. This is due to
the infrequent presence of the population of interest
in the aspirate and the low probability of capturing
the slowly dividing neoplastic cell karyotype among
the rapidly dividing background hematopoiesis. If a
t(14;18)(q32;q21) is detected, conventional karyotyp-
ing cannot distinguish between IGH-BCL2 and IGH-

MALT1 seen in extranodal marginal zone lymphomas
of mucosa-associated tissue (EMZL) [8]. Additional
chromosomal anomalies, including gains and losses
of chromosomes, are frequently reported in nodal FL
which may mirror increasing histological grade.

FISH: FISH studies require the cells of interest to be
present in the aspirate smear, touch preparation or clot
section/particle preparation. FISH studies for t(14;18)
(q32;q21); IGH-BCL2 can be useful in rare circum-
stances where the morphology is not classic and to
distinguish FL from other small B-cell neoplasms. It
is not routinely used to determine whether a lymphoid
aggregate is neoplastic or benign. Testing should not
be undertaken as a screening procedure without mor-
phological support due to the presence of a low level of
the translocation in the normal population, especially
in smokers [9].

fe

g
Figure 11.1. (cont.) Follicular lymphoma in the bone marrow.
e. Paratrabecular lymphoid infiltrate in the bone marrow core biopsy
(H&E stain) ×100.

f. IHC for CD3 (�400) showing many intermixed reactive T-cells. The
presence of these T-cells can make interpretation of small
foci difficult.

g. IHC for CD20 (×100) showing a similar pattern to CD3.
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Molecular diagnostics/PCR: PCR can be used to detect
the BCL2-IGH fusion in FL. Approximately 75% of
cases possess a breakpoint within the MBR region of
the BCL2 gene and in approximately 15% of cases, the
breakpoint is within the 5’ mcr or mcr region. The
location of the BCL2 breakpoint does not offer prog-
nostic information although patients with a mcr BCL2
breakpoint tend to present with a higher grade of
disease and more frequent extra-nodal involvement.
The breakpoint within the IGH locus usually lies close
to one of the six JH domains. PCR primers are able
to detect the BCL2-IGH rearrangement in approxi-
mately 90% of cases with a t(14;18). This utilizes a
multiplex PCR amplification system incorporating a
consensus JH primer and a number of different
primers specific for each of the breakpoint cluster
regions. The identification of the specific BCL2 break-
point region by PCR allows the development and
use of patient-specific primers for disease monitoring,
if required. The small number of t(14;18) cases in
which the BCL2-IGH rearrangement is not detectable
by PCR are likely to possess breakpoints between the
MBR and mcr regions or, more rarely, 5’ of the BCL2
locus.

Although PCR for BCL2-IGH fusions is available
and can be applied to blood and bone marrow aspi-
rate samples, it is not used routinely for marrow
staging. FISH is more commonly utilized as it is
more sensitive for all possible splicing variants and
complex cytogenetic abnormalities involving the IGH
or BCL2 genes [8,9,10]. PCR for IG gene rearrange-
ments is also not routinely used as this may be
falsely negative due to somatic hypermutation.
Some cases may however require IG PCR to confirm
clonality and differentiate from a reactive lymphoid
process; a positive result does not help to subtype the
neoplasm.

Residual bone marrow disease and
therapeutic monitoring
Bone marrow morphology is widely used to assess
disease response to treatment or progression/trans-
formation to a more aggressive form of lymphoma.
CD20 expression on B-cells assists in the monitor-
ing of rituximab dosing; however, care must be
taken interpreting immunostaining following CD20
immunotherapy. This is because the therapeutic
antibody interferes with or blocks CD20 receptors
and may give a false negative IHC result. Alternate

B-cell-associated antibodies (e.g. PAX-5 or CD19)
must be used to assess B-cell numbers in the mar-
row. It is also important to differentiate reactive
paratrabecular T-cell aggregates that are commonly
associated with rituximab treatment from residual
involvement by FL as these have similar morpho-
logical appearances. The reactive aggregates will be
T-cells (CD3-positive) and not contain many PAX-5
or CD19-positive B-cells. More sophisticated meth-
ods of monitoring minimal residual disease are not
routinely performed and investigators have found
no correlation between numbers of circulating
t(14;18)-positive cells and ultimate response to treat-
ment [11]; however, the use of log reductions in
quantitative PCR may predict a favorable clinical
response or relapse in patients with advanced stage
FL [12]. These techniques are not at present used in
routine standard disease monitoring.

Caveat: Low levels of t(14;18)(q32;q21); IGH-BCL2 are
detected in normal individuals, especially smokers,
which obscures the clinical significance of single
data point minimal residual disease testing.

Pre-transplant bone marrow assessment
Imaging/PET scans and other clinical laboratory fea-
tures are the mainstay of pre-transplant evaluation to
assess residual tumor burden. Flow cytometric immu-
nophenotyping or PCR for IG or BCL2 can be per-
formed to assess the presence of tumor cells in the
blood or marrow prior to collection of autologous cells
for transplantation. If present, in vivo purging with
cytotoxics and immunotherapy has been reported to
be associated with an increased remission rate [13].
The BM biopsy assessment is similar to that per-
formed on the initial evaluation with aforementioned
post-treatment caveats in mind.

Mantle cell lymphoma
Mantle cell lymphoma (MCL) is a mature B-cell neo-
plasm that typically has a more aggressive clinical
course than the other small B-cell neoplasms. A subset
of MCLs with blood involvement but without demon-
strable nodal disease has been shown to have a better
prognosis [14,15]. The cell of origin is the naïve B-cell
in primary follicles that are pushed to the periphery of
the follicle. Following antigen stimulation these cells
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form the mantle zone surrounding the germinal cen-
ter. The typical immunophenotype of MCL is a CD5-
positive B-cell that is cyclin D1- and CD23-negative.
Almost all cases are associated with t(11;14)(q13;q32);
CCND1-IGH, with very rare cyclin D1-negative cases
reported. MCL commonly involves the marrow and
can be detected morphologically on aspirate smears,
touch preparations and clot sections as well as the core
biopsy (Table 11.1). It is readily detectable by flow
cytometry and confirmed by FISH or cyclin D1 IHC.
Some cases have peripheral blood involvement which
can be used for diagnosis.

Primary diagnosis or initial staging
bone marrow
Morphology: MCL typically has mature small cell
morphology with round to slightly angular or
cleaved nuclei. In the bone marrow trephine biopsy,
MCL can have a paratrabecular, nodular or intersti-
tial pattern of involvement and have small or large
blastoid cells. Because of this topographical hetero-
geneity it is included in many differential diagnoses.
A diagnostic clue is the higher mitotic rate than
seen with other small B-cell neoplasms. There are
many morphological variants: blastoid and pleomor-
phic variants contain large cells with finer chromatin
or pleomorphic cells with pale cytoplasm and
both have very high mitotic rates. Small cell and
monocytoid variants mimic CLL and MZL morpho-
logically but there are no proliferation centers (col-
lections of paraimmunoblasts) as seen in CLL/SLL.
Mantle cell lymphoma can be detected in aspirate
samples but the sensitivity is lower than the trephine
biopsy.

Ancillary tests in mantle cell lymphoma

Typical immunophenotype:
Positive: CD19, CD20 (bright), CD5, CD43, CD45

(bright), cyclin D1, surface Ig (bright).
Negative: CD23-negative.

Caveat: can be CD5-negative or CD10-positive.
Immunohistochemistry panel: CD3, CD5, CD10, CD20,

CD23, CD138, cyclin D1, Ki67, PAX-5, kappa
and lambda light chains.

Other tests: can also use flow phenotype and cyclin
D1 or FISH for confirmation.

Genetics: t(11;14)(q13;q32); CCND1-IGH.

Immunohistochemistry: Confirmation of the pheno-
type is usually performed with CD20, CD5 and cyclin
D1; however, additional stains may be needed as dis-
cussed below (Table 11.5). CD5-negative and CD10-
positive cases arewell established.Ki67 is recommended
to be used as a prognostic indicator inMCL, with >40%
positive neoplastic cells being an adverse prognostic
sign [10]. Cyclin D1 is not pathognomonic of MCL as
other neoplasms are also positive (Table 11.5):

* Plasma cell neoplasms: A subset of plasma cell
neoplasms are CD20- and cyclin D1-positive by
IHC and have t(11;14)(q13;q32); CCND1-IGH and
lymphocyte-like morphology. Low level cyclin D1
positivity can also be seen in myeloma with
trisomy 11. CD43 is positive in both MCL and
plasma cells. Plasma cell neoplasms are CD138-
and MUM-1-positive whereas MCL is negative,
and plasma cells are negative for CD5.

* Hairy cell leukemia: Cyclin D1 can be over-
expressed in HCL but this is not associated with the
CCND1-IGH translocation [16]. In rare cases, both
MCL and HCL can express CD10. HCL will be
associated with an interstitial pattern of marrow
infiltration and have distinctive cytology,
immunophenotypic and clinical history findings
without significant lymphadenopathy.

* Chronic lymphocytic leukemia: proliferation
centers may sometimes show cyclin D1 staining.

If there is no confirmed diagnosis of MCL from a
tissue site, it is prudent to exclude these differential
diagnoses when a cyclin D1, CD20-positive cell pop-
ulation is detected in the bone marrow. Very rare
cyclin D1-negative MCLs have been reported and
have been confirmed to have gene expression profiles
similar to that of cyclin D1-positive MCLs. These cases
show cyclin D2 and cyclin D3 expression (available in
paraffin IHC) and may behave similarly or more indo-
lently than classic MCL cases [17].

Flow cytometry: Flow cytometry is very useful for the
diagnosis of MCL as the typical immunophenotype
i.e. CD20 (bright), CD5, CD45 (bright)-positive with
light chain restriction and CD23, CD103-negative,
prompts confirmation of the genetic translocation by
FISH or cyclin D1 IHC (Figure 11.2). FCI with CD11c,
CD103, CD38 and CD138 can also be used to distin-
guish cyclin D1-positive HCL and plasma cell neo-
plasms. See Table 11.5 for a comparison of these
entities.
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Cytogenetics
Karyotyping: Karyotyping is not routinely used in
MCL involving the bone marrow due to the relatively
long test result time and the low probability of captur-
ing the neoplastic cell karyotype among the rapidly
dividing background hematopoiesis. However, if the
translocation is detected, it provides supportive evi-
dence for a definitive diagnosis if morphological and
immunophenotypic criteria are met.

FISH: The detection of t(11;14)(q13;q32); CCND1-
IGH by FISH is a useful way to establish a diagnosis
of MCL. If the MCL is limited to the blood and/or
bone marrow than FISH for t(11;14)(q13;q32);
CCND1-IGH is indicated. In general there is no need
to perform FISH on the bone marrow if the diagnosis
of MCL is already established from solid tissue.

Molecular diagnostics/PCR: PCR for CCND1-IGH,
the molecular consequence of t(11;14)(q13;q32) is

not routinely used in the initial diagnosis or staging
of MCL due to its low sensitivity. The genomic
breakpoint on chromosome 11 can lie up to 120 kb
upstream of the CCND1 gene. In up to 40% of cases
the breakpoint lies within an 85 bp region termed
MTC but the remainder are spread throughout a
large genomic region upstream of CCND1. PCR
techniques are only able to identify the cases with
breakpoints within the MTC cluster (i.e. 40%) by
using a specific primer that anneals just adjacent
to the cluster along with a consensus JH-specific
primer. Although IG PCR can be used to detect
B-cell clonality, in general FISH is the genetic test
of choice.

Residual bone marrow disease and
therapeutic monitoring
Morphology and immunophenotyping are used to
monitor residual disease. CD20 immunohistochemistry

Table 11.5. Comparative immunophenotypes of mantle cell lymphoma (MCL), plasma cell myeloma (PCM),
hairy cell leukemia (HCL) and splenic marginal zone lymphoma (SMZL).

MCL PCM HCL SMZL

CD20 ++ −/+ +++ +++

CD19 + −/+ +++ +++

CD5 +/− − −/+ −/+

CD23 − − − −

CD25 − − + −

CD138 − + − −

Annexin-A1 − − + −

TRAP − − + −/+

CD10 −/+ −/+ −/+ −

CD43 + + − −

CD56 − + + −

CD123 − − + −

MUM1/IRF4 − + − −/+

CD103 − − + −/+

Light chain surface (++) cytoplasm surface (+++) surface (+++)

Cyclin D1 + +/− +/− −

FISH CCND1-IGH + + − −
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Figure 11.2. Flow cytometric immunophenotyping of mantle cell lymphoma involving the bone marrow.
a. CD20 is moderately bright and the B-cells express CD5.
b. The CD20-positive B-cells are CD23-negative.
c. A subset of MCLs are negative for CD5.
d. CD19-positive with some weak CD10 positivity.
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can be used as an indicator of rituximab efficacy. Detec-
tion of CCND1-IGH by sensitive PCR methods is only
applicable for those cases in which the translocation
was detectable at diagnosis. PCR for clonal IG gene
rearrangements can be employed for the remaining
60% of cases to monitor minimal residual disease
status [18].

Pre-transplant bone marrow assessment
Pre-transplant evaluation relies on the assessment of
tumor burden using imaging/PET scans and other
clinical laboratory features. Flow cytometric immu-
nophenotyping or IG PCR can be used to assess
the presence of tumor cells in the blood or marrow
prior to collection of cells for autologous transplan-
tation. If present, in vivo purging with immunother-
apy may be performed. The BM biopsy assessment
is similar to that performed at initial staging evalu-
ation; the aforementioned post-treatment caveats
must be taken into consideration (e.g. loss of CD20
expression).

Splenic marginal zone lymphoma
Splenic marginal zone lymphoma (SMZL), a neoplasm
of small mature B-cells, invariably involves the spleen
and bone marrow but with no significant tissue
involvement outside the splenic lymph node region.
The putative cell of origin is the post-germinal
center marginal zone B-cell of the spleen. The neo-
plastic B-cells are typically CD5- and CD10-negative
although some cases do express CD5 antigen. No
recurrent cytogenetic anomalies have been described.
The bone marrow and peripheral blood are the usual
primary diagnostic samples. Frequently the morpho-
logical features in the BM are not sufficient to accu-
rately diagnose SMZL. The major differential
diagnosis is HCL due to the overlapping immunophe-
notype, cytological features and clinical presentations.
This distinction is of clinical importance due to the
differences in treatment strategies. The current WHO
classification acknowledges this diagnostic dilemma
with a category of “splenic B-cell lymphoma, unclassi-
fied”; this entity encompasses those cases with over-
lapping or unusual features for SMZL or HCL and
hairy cell leukemia variant (HCL-v) [14]. HCL-v typ-
ically does not respond to purine analog treatment
regimens and should not be classified with HCL – see
Chapter 9.

Primary diagnosis or initial staging bone
marrow
Morphology: SMZL has a nodular and/or sinusoidal
pattern of bone marrow infiltration by predominantly
small cells with moderately abundant cytoplasm occa-
sionally with admixed larger immunoblasts. However,
SMZL can have an interstitial pattern that mimics
HCL. Cytological features in the blood or bone
marrow aspirate smears are of small to medium-
sized cells with scant to moderately abundant cyto-
plasm which can have polar villi. Although the cyto-
logical features can be similar to HCL, the marrow
pattern can be used to distinguish SMZL from
HCL [19,20] (Figure 11.3). Splenic diffuse red pulp
small B-cell lymphoma (SDRPSBCL) is a described
variant with a diffuse red pulp pattern of splenic
involvement.

Ancillary tests in splenic marginal zone lymphoma

Typical immunophenotype:
Positive: CD19, CD20, CD22, CD79a, CD11c, DBA.44,

BCL-2, IgM, IgD.
Negative: CD10, CD23, CD25, CD43, BCL-6, cyclin D1,

CD123, annexin-A1.
Variable: CD5, CD103. TRAP is negative to weak.

Immunohistochemistry panel: CD3, CD20, CD5, CD10,
CD25, CD123, BCL-6, annexin A1, cyclin D1.

Immunohistochemistry: IHC on the bone marrow
biopsy can be challenging as the primary method for
diagnosis of SMZL and to differentiate from HCL.
Annexin A1 and TRAP IHC can be very useful as
they are negative in SMZL and positive in HCL (see
Table 11.5).

Caveat: Annexin-1 is positive in background myeloid
and T-cells and can be difficult to interpret if only
minimally involved.

Flow cytometry: The classic immunophenotypic pro-
file of SMZL is bright expression of pan-B-cell antigens
CD19, CD20, CD22 and surface Ig, and CD11c, and
lack of CD10 and CD103 expression (Figure 11.3).
CD5 is variably expressed; CD25 and CD123 are
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Figure 11.3. Splenic marginal zone lymphoma in the bone marrow.
a. The peripheral blood contains cells withmoderately abundant light
blue cytoplasmwith or without fine cytoplasmic projections (inset).

b. Bonemarrow aspirate showing small cells with scant tomoderately
abundant cytoplasm.

c. The core biopsy pattern is commonly nodular (hematoxylin and
eosin (H&E)) 200× and there may be an associated sinusoidal
pattern.

d. IHC for CD20 (200×) highlights the lymphoma cells.
e. CD20 (400×).
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negative in SMZL but positive in HCL. Occasional
cases of SMZL are CD103-positive and TRAP, annexin
A1, CD25 and CD123 can be used to distinguish these
cases from HCL [21] (Table 11.5). The provisional
WHO classification category “splenic diffuse red pulp
B-cell lymphoma” is associated with intra-sinusoidal
bone marrow infiltration and has the following immu-
nophenotype: CD20-, IgG-positive and annexin A1-,
CD25-, CD103-, CD123-, CD11c-negative. Occasional
cases can be CD103-, CD11c- or CD123-positive [14].

Cytogenetics/FISH: Cytogenetics and FISH do not
have a routine role in the diagnosis of SMZL due to
the variable and non-specific chromosomal anomalies
associated with the entity. A 7q31–32 deletion is
present in 40% of cases. Of note, t(14;18)(q32;q21);
IGH-BCL2, t(11;14)(q13;q32); CCND1-IGH and the
extranodal MALT translocation, t(11;18)(q21;q21);
AP12-MALT1 are not associated with SMZL [14].

Molecular diagnostics: Molecular testing is rarely used
in SMZL. In cases where there is a question as to
whether the infiltrate is reactive or neoplastic IG PCR
for B-cell clonality may be helpful. Other more specific
tests for qualitative diagnosis confirmation are not
routinely applied.

Residual bone marrow disease and
therapeutic monitoring
The mainstays of disease monitoring are flow
cytometry to detect a monotypic surface Ig B-cell
population, and morphology of the bone marrow
core biopsy.

Pre-transplant bone marrow assessment
Transplantation is not a standard treatment choice for
SMZL.

f1 f2 f3

g
Figure 11.3. (cont.) Splenic marginal zone lymphoma.
f. (f1, f2, f3) Typical flow cytometry plots showing bright surface kappa (f1), CD20 (f2) and
CD22, but CD103-negative (f3).

g. An example of partial CD5 expression.
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Extranodal marginal zone lymphoma
of mucosa-associated lymphoid tissue
Extranodal marginal zone lymphoma of mucosa-
associated lymphoid tissue (EMZL or MALT) is a
neoplasm arising from post-germinal center small
mature B-cells. These cells classically have a CD5,
CD10-negative phenotype and may have an associated
monotypic plasma cell component. The translocations
t(11;18)(q21;q21);API2-MALT1, t(14;18)(q32;q21);
IGH-MALT1, t(1;14)(p22;q32);BCL10-IGH vary in
prevalence in EMZL/MALT lymphomas according
to the location of primary involvement [14,22]
(Table 11.6).

MALT lymphomas are usually indolent in spite of
multifocal organ involvement. Classic staging para-
digms used for other types of lymphoma may there-
fore not be accurate for assessing prognosis. Relatively
few EMZL lymphomas involve the bone marrow
(overall 3–20%) and the frequency depends on pri-
mary disease site. For example, primary gastric cases
show infrequent involvement whereas lung and con-
junctival/ocular cases more commonly have bone
marrow disease [14].

Primary diagnosis or initial staging
bone marrow
Morphology: The cells may be very difficult to visual-
ize on peripheral blood or aspirate smears but typically
are small tomedium sized and have small round nuclei
with moderately abundant cytoplasm. The bone
marrow trephine biopsy, when involved, shows nod-
ular non-paratrabecular lymphoid aggregates and

occasional paratrabecular aggregates [14,19,20], or
lymphoma cells surrounding reactive lymphoid aggre-
gates or germinal centers. Scattered large cells (immu-
noblasts) can be present and be quite prevalent; these
should not be over-interpreted as transformation to a
more aggressive neoplasm without additional suppor-
tive evidence (e.g. necrosis, space-occupying sheets of
large cells).

Ancillary tests in extranodal marginal zone (or MALT)
lymphoma

Typical immunophenotype:
Positive: CD19, CD20, CD22, CD79a, CD11c, FMC-7.
Negative: CD10, CD23, CD25, BCL-6, cyclin D1,

CD123, annexin-A1.
Immunohistochemistry panel: CD3, CD5, CD10, CD20,

CD43, BCL-2, CD138, kappa, lambda.

Immunohistochemistry: The immunohistochemical
features of EMZL are indistinguishable from nodular
MZL and SMZL. The cells express pan B-cell antigens
(CD19, CD20, CD22, CD79a) and monotypic kappa
or lambda surface immunoglobulin. The majority of
cases express BCL-2, 50% CD43 and most cases
express IgM. CD10, BCL-6, cyclin D1 and CD23
are negative whilst CD5 and IgD are usually negative
but can be expressed in a small number of cases.
Annexin A1 and TRAP are negative. Assessment of
kappa and lambda light chain expression by IHC or
ISH may be useful to detect associated plasma cells
with monotypia.

Table 11.6. Chromosomal abnormalities (% of cases) according to site in EMZL (MALT) lymphomas (adapted from [14]).

Site t(11;18) t(14;18) t(3;14) t(1:14) +3 +18

Stomach 6–26 1–5 0 0 11 6

Intestine 12–56 0 0 0–13 75 25

Ocular/orbit 0–10 0–25 0–20 0 38 13

Salivary glands 0–5 0–16 0 0–2 55 19

Lung 31–53 6–10 0 2–7 20 7

Skin 0–8 0–14 0–10 0 20 4

Thyroid 0–17 0 0–50 0 17 0
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Flow cytometry: FCI is helpful in all marginal
zone lymphomas due to the frequent morphological
overlap with reactive lymphoid infiltrates. A light
chain-restricted CD19, CD20-positive B-cell popula-
tion lacking CD5 and CD10 with associated mono-
typic plasma cells suggests a “generic” marginal zone
lymphoma. EMZL are negative for CD10 and CD103,
and CD5, although classically negative, can be partially
expressed in a minority of cases.

Cytogenetics/FISH: Routine cytogenetic karyotyping
is not very useful in EMZL lymphoma due to the low
number and low proliferative rate of the neoplastic
cells in the marrow in most cases. Although EMZL
does have genetic abnormalities that are detectable by
FISH, this is not generally required on the bone mar-
row; FISH studies are generally only performed on the
primary diagnostic extranodal tissue sample. Trisomy
3, 12 and 18 are frequently present but may be non-
specific [9,14,22] (Table 11.6).

Caveat: The t(14;18)(q32;q21) of EMZL is indistinguish-
able from the translocation in FL at chromosomal
resolution since MALT1 and BCL2 are located in the
same chromosome band and are only 4.5 Mb apart.

Molecular diagnostics: IG PCR may be required
to differentiate a reactive lymphoid follicle from neoplas-
tic cells. However, it must be stressed that PCR should
not beused routinely as a screening tool for any lymphoid
aggregates in the marrow. It should be reserved for
those cases where the lymphoid aggregates have some
atypical features, such as an expanded perifollicular
region by cells with a monocytoid appearance.

Residual bone marrow disease and
therapeutic monitoring
Disease monitoring for EMZL does not usually require
examination of the bone marrow. Restaging bone
marrow studies may be undertaken if the marrow
was initially involved at diagnosis; similar methods
would then be performed as in the original staging
bone marrow exam.

Pre-transplant bone marrow assessment
Transplantation is not a standard treatment choice for
EMZL.

Nodal marginal zone lymphoma
Nodal marginal zone lymphoma (NMZL) is a small B-
cell neoplasm of post-germinal center cells that has
monocytoid cytological and architectural features
and a non-specific phenotype (similar to EMZL lym-
phoma). By definition, NMZL involves nodal but not
extranodal or splenic tissues. Due to this strict defini-
tion, clinical features are required to subclassify a
marginal zone lymphoma; widespread marginal zone
lymphoma with lymph node involvement can repre-
sent systemic involvement of EMZL or a NMZL
(SMZL does not involve lymph nodes outside the
splenic region). The BM features are largely non-
specific as there are no distinct morphological, immu-
nophenotypic or genetic features.

Primary diagnosis or initial staging
bone marrow
Morphology: NMZL cells can be very difficult to iden-
tify on blood and bone marrow aspirate smears.
Classically they are small to medium sized and have
small round nuclei with moderately abundant cyto-
plasm. No specific architectural pattern is present on
the bone marrow core biopsy but the most common is
nodular non-paratrabecular lymphoid aggregates with
occasional paratrabecular aggregates [19,20]. The
cytology is heterogeneous with admixed large cells.
These larger immunoblasts can be quite prevalent
and, as in EMZL, should not be over-interpreted as
transformation to amore aggressive neoplasmwithout
additional morphological evidence. The neoplastic
cells may surround reactive germinal centers.

Ancillary tests in nodal marginal zone lymphoma

Typical immunophenotype:
Positive: CD19, CD20, CD79a.
Negative: CD10, BCL-6, cyclin-D1, CD23.
Variable: CD5 can be variably positive.

Immunohistochemistry panel: CD3, CD5, CD10, CD20,
CD43, BCL-2, CD138, kappa, lambda.

Immunohistochemistry: The IHC features of NMZL
are indistinguishable from EMZL and SMZL lympho-
mas. The cells express pan-B-cell antigens (CD19,
CD20, CD22, CD79a) and monotypic kappa or
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lambda surface immunoglobulin. The majority
of cases express BCL-2 and half express CD43. CD10,
BCL-6, cyclin D1 and CD23 are negative. CD5 and IgD
are classically negative but can be expressed independ-
ently in a small portion of cases. Annexin A1 and
TRAP are negative. Assessment of kappa and lambda
light chain expression by IHC or ISH may be useful to
assess associated plasma cells for a monotypic
population.

Flow cytometry: The main role of FC is to distinguish
between MZL and reactive lymphoid infiltrates. As
with EMZL, a light chain restricted CD19, CD20-
positive B-cell population lacking CD5, CD10, CD25
and CD103 is suggestive but not definitive for a mar-
ginal zone lymphoma.

Cytogenetics/FISH: No specific abnormalities are
associated with NMZL. Trisomy 3 may be seen but is
non-specific. The EMZL-associated translocations are
not present.

Molecular diagnostics: IG PCR may be useful in rare
cases when the discrimination between a reactive lym-
phoid infiltrate and involvement by lymphoma is
problematic and this has not been resolved by flow
cytometry.

Residual bone marrow disease and
therapeutic monitoring
If the bone marrow was involved at diagnosis, flow
cytometry can be performed to monitor the presence
of light chain-restricted B-cells and to detect continued
presence of cells with the known antigenic profile of
the lymphoma. B-cell numbers may also be measured
by flow cytometry to monitor the efficacy of antibody-
based immunotherapy.

Pre-transplant bone marrow assessment
Transplantation is not a standard treatment choice for
NMZL.

Diffuse large B-cell lymphoma
Diffuse large B-cell lymphoma (DLBCL) is a hetero-
geneous group of large cell lymphomas with different
diagnostic criteria and a lower rate of bone marrow
involvement than small mature B-cell lymphomas
[1,5]. The most common type of DLBCL contains

sheets of large centroblast-like cells with moderately
abundant cytoplasm. These are derived from post-
antigen stimulated cells from the germinal center or
post-germinal center and they retain the antigen
expression profile consistent with the level of differ-
entiation. In most cases, the neoplastic B-cell has
undergone IG rearrangement and somatic mutation.
Chromosome translocations involving BCL6 on 3q27
occur in 30–40% of cases and t(14;18)(q32;q21);
IGH-BCL2 in approximately 20% [1,9,14]. These
translocations result in over expression of the BCL6
and BCL2 oncogenes by juxtaposition next to an
IGH regulatory element. MYC rearrangements are
present in approximately 5–10% of DLBCL; it has
been suggested that these cases may be better classi-
fied as “B-cell lymphoma unclassifiable with features
intermediate between diffuse large B-cell lymphoma
and Burkitt lymphoma” [14]. This is a new WHO
category which has been proposed for those neoplasms
that do not fulfill the requirements for Burkitt lym-
phoma but have some morphological or genetic fea-
tures of a more aggressive process; the features are
detailed in Table 11.7. This category is also proposed
if there are concurrent anomalies in BCL6, BCL2 and
MYC, the so-called ‘double hit’ lymphoma [14].

Some specific types of DLBCL which have charac-
teristic bone marrow features are:

* EBV-associated DLBCL: This subtype of DLBCL
should be considered if there is significant
plasmablastic morphology and associated necrosis
or in the setting of prior transplantation or
immunodeficiency from any cause.

* T-cell rich B-cell lymphoma (TCRBCL): This
subtype has distinct morphology and presentation.
It is often associated with a fever of unknown
origin and vague lymphoreticular involvement.
A bone marrow examination may provide the
diagnosis when unsuspected.

* Intravascular B-cell lymphoma (IVBCL): This can
be an elusive diagnosis due to the lack of clinically
evident tissue involvement. The marrow may be
the best or only site with diagnostic material.

Primary diagnosis or initial staging
bone marrow
Morphology: Morphological evaluation of the marrow
is the single most important assessment for a primary
diagnosis or staging of DLBCL for multiple reasons:
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1. If the bone marrow is involved, it is often readily
detected on H&E core biopsy sections.

2. It is possible to classify if the lymphoma in the
marrow is concordant with or discordant from the
lymphoma classification in the diagnostic tissue
site.

3. If the marrow is involved (solely or concurrently)
by a small cell infiltrate in a patient with a
tissue diagnosis of DLBCL, two considerations
with separate prognostic significance are
possible:
i. A single neoplasm with transformation from a

small mature B-cell process to a large cell
process, or,

ii. Synchronous presentation of two separate
neoplasms.

The type of small B-cell neoplasm in the marrow and
the expression of similar antigens in the large cells may
help differentiate these two possibilities.

Morphological patterns of BM involvement by
DLBCL include:

1. “Common”DLBCL forms large clusters or sheets of
neoplastic cells which may be associated with
extensive necrosis. This is also the pattern for
plasmablastic lymphoma.

2. TCRBCL involves the BM in lightly eosinophilic
lymphohistiocytic collections with fewer admixed
neoplastic large cells. Based on this pattern the
differential diagnosis includes classical Hodgkin
lymphoma, T-cell lymphoma or granulomatous
infections.

3. Intravascular B-cell lymphoma can be detected as a
subtle infiltration of sinusoids and blood vessels in
the BM by large atypical cells usually marginalized
to the vessel walls or filling the lumen
(Figure 11.4j).

In DLBCL the aspirate has lower sensitivity than the
trephine biopsy for detecting bone marrow disease,
similar to FL and MCL . When present in the aspirate
the cells are identified by their large size, basophilic
cytoplasm, pleomorphic nuclei and commonly one or
more nucleoli.

Table 11.7. Comparison between Burkitt lymphoma, BL/BL and diffuse large B-cell lymphoma (adapted from
[38]).

Standard IHC panel: CD10, BCL-6, BCL-2, Ki-67

Cytogenetic anomalies: t(8;14), t(2;8), t(8;22), t(14;18), t(3q27), complex karyotype

FISH panel: MYC bap,MYC fusion, BCL2-IGH fusion, BCL6 bap, IGH bap, IGL bap

Burkitt lymphoma BL/BL DLBCL

CD10 IHC + +/− +/−

BCL-6 IHC + +/− +/−

BCL-2 IHC − +/− +/−

Ki67 IHC > 95% < 95% < 90%

IGH-MYC rearrangement + + −

Non IGH-MYC rearrangement − + −

MYC + BCL2 rearrangement − + −

BCL2 rearrangement − + +

BCL6 rearrangement − + +

Simple karyotype + +

Complex karyotype − +

bap: breakapart.
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Figure 11.4. Diffuse large B-cell lymphoma in the bone marrow.
a. Sheets of DLBCL cells in the core biopsy, hematoxylin and eosin (H&E) 400×.
b. DLBCL in the aspirate are large atypical cells with coarse chromatin and irregular nuclear contours, Wright–Giemsa 1000×.
c. Touch preparations of bone marrow artificially make the cells appear blast-like.
d. Necrosis in a marrow sample, a frequent finding in DLBCL, H&E 200×.
e. The TCRBCL variant, creates lymphohistiocytic nodular aggregates, H&E 40×.
f. TCRBCL variant 200×.
g. IHC for CD20 highlights the few but large neoplastic B-cells in TCRBCL, 200×.
h. The abundant reactive T-cells, CD3 in TCRBCL 200×.
i. Intravascular B-cell lymphoma in the bone marrow. Large atypical cells are present in vessels, H&E 400×.
j. Intravascular B-cell lymphoma, CD20 100×.
k. Flow cytometric immunophenotyping of DLBCL may be negative or may show a CD10 variable B-cell population which lacks surface light
chain expression (k1–3).
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Figure 11.4. (cont.) Diffuse large B-cell lymphoma in the bone marrow.
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Ancillary tests in diffuse large B-cell lymphoma

Typical immunophenotype:
Positive: CD19, CD20, CD45 (strong).
Variable: CD10, BCL6, BCL-2, MUM-1, EBV.

Immunohistochemistry panel: CD3, CD10, CD20,
CD30, BCL-6, BCL-2, MUM-1, Ki67.

EBER – if necrosis, plasmablastic differentiation or
immunodeficiency state.

Immunohistochemistry: The typical immunopheno-
type of DLBCL is CD19-, CD20- and CD45-positive.
CD10 and BCL-6 are expressed in the germinal center
subtype whereas MUM1/IRF4 is expressed in the
non-germinal center/activated B-cell subtype. BCL-2
is positive in a subset of cases and is usually partial.
CD5 is positive in a small collection of transformed
and de novo cases. Staining for B-cell markers in the
bone marrow biopsy is not traditionally performed to
screen for marrow involvement as some see no
increase in sensitivity over careful morphological
assessment [23]; others however advocate that it
increases sensitivity of detection by 20% [24,25].
Care must be taken to differentiate normal B-cell
precursors (hematogones) from neoplastic B-cells
and to select additional B-cell markers following rit-
uximab (anti-CD20) treatment; PAX-5, CD19 or
CD79a are useful in this setting. Prognostication asso-
ciated with germinal center B-cell-like or activated B-
cell-like subtypes is best performed on a tissue biopsy
and not the BM. If B-ALL is a consideration, TdT is
helpful in confirming an immature cell population.
Burkitt lymphoma should be CD10-positive and
BCL-2-negative with a very high percent of Ki67-
positive cells; it is important to note that Ki67 alone
is non-discriminatory as a high Ki67 result (>99%)
can be seen in DLBCL.

In situ hybridization: It is useful to perform in situ
hybridization (ISH) for EBER when there is a high
likelihood of EBV association (plasmacytic/blastic dif-
ferentiation, necrosis, immunodeficiency states –
including elderly patients) as the result has therapeutic
and prognostic significance. Kappa and lambda ISH
may be helpful in plasmablastic lymphoma.

Flow cytometry: The DLBCL cells are large and
do not fare well with the processing stressors, usually
resulting in decreased sensitivity, and discordance

between flow and histology. A negative flow study
does not exclude DLBCL, and FCI of the marrow is
generally not useful for classification of DLBCL. FCI
can however be useful to detect light chain restriction
of B-cells indicating the presence of a clonal B-cell
population; this can increase the sensitivity of detec-
tion of bone marrow disease by 10% [24,25]. Even so,
a positive result in the absence of morphology should
be interpreted with caution, leading to additional
confirmatory studies. Additionally, if an abnormal
B-cell population is detected by flow cytometry, the
phenotype is non-specific and the differential diag-
nosis includes FL, blastoid MCL, BL and maturing
B-ALL. Additionally, DLBCL and FL commonly have
negative surface Ig expression and may be difficult to
differentiate from hematogones. Permeabilizing the
cells to access intracellular antigen will frequently
show cytoplasmic light chain restriction in a neo-
plastic population; hematogones will remain light
chain negative. If B-ALL is a consideration, dim to
negative CD45 expression and TdT positivity favor
B-ALL.

Cytogenetics/FISH
Karyotyping: Karyotyping of the bone marrow is not
generally useful in DLBCL. FISH is the preferred
approach if there is a need to assess the marrow for
chromosomal abnormalities.

FISH: It is recommended that FISH be performed on
the primary diagnostic material and not the marrow;
FISHmay be required on the bonemarrow if this is the
primary site of disease, or to confirm the presence of
marrow involvement using a probe to detect the
abnormalities identified on the primary tissue. If BL
is a morphological and immunophenotypic consider-
ation, FISH for MYC 8q24 can be performed to
exclude the diagnosis. FISH can also be performed
on the marrow for BCL6 and t(14;18)(q32;q21); IGH-
BCL2; however, as stated above, it is preferable to
perform these on extramedullary tissue if possible
[9,25]. BCL6 is common in DLBCLs and can be fused
to several partner genes, with immunoglobulin and
non-immunoglobulin partner genes reported. The
t(14;18)(q32;q21); IGH-BCL2 (approximately 20% of
DLBCLs) [9] is associated with neoplasms which ori-
ginate from germinal center B-cells. A positive IHC
result for BCL-6 and BCL-2 protein over-expression
loosely correlates with the presence of the corres-
ponding translocation by FISH; however, cases with
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positive IHC staining for these oncoproteins can be
present in the absence of the FISH translocation and
vice versa [26].

Molecular diagnostics: IG PCR can be used to detect
clonal IG gene rearrangement for bone marrow stag-
ing of DLBCL and to differentiate a neoplastic diag-
nosis from reactive conditions. The presence of a
clonal IG gene rearrangement in the marrow has
been reported to be associated with a poorer survival,
even when there is no histological evidence of bone
marrow disease. Rare DLBCL cases show co-expression
of B- and T-cell antigens and the additional clonality
data from PCR can support lineage assignment. For
patients with chromosomal translocation involving
BCL6, over-expression of BCL6mRNA can be detected
using quantitative RT-PCR techniques. The BCL2-IGH
rearrangement may be detected by PCR, as described
above for follicular lymphoma.

Caveat: Historically, IG PCR has been used to aid the
discrimination between CHL and B-cell NHL as they
were negative in the former and usually positive in
the latter; however, newer primer sets now frequently
detect clonal peaks in CHL.

Residual bone marrow disease and
therapeutic monitoring
Bone marrow monitoring is similar to management
for lymphoma in general with the emphasis on mor-
phology. Flow cytometry can be used for light chain
analysis. Molecular testing (for IG clonality or specific
chromosomal aberrations) can be performed to
exclude ongoing presence of a clonal B-cell population
in the marrow but is not widely utilized for minimal
residual disease.

Pre-transplant bone marrow assessment
In vivo and in vitro purging of lymphoma cells may
offer improved outcomes in transplant patients.

Burkitt lymphoma
Burkitt lymphoma (BL) is a very aggressive neoplasm
derived from germinal center B-cells. Morphologi-
cally it has a “starry sky” appearance and is composed
of monomorphic intermediate-sized cells with deeply

basophilic vacuolated cytoplasm. It is associated with
a 8q24 MYC rearrangement with the immunoglobu-
lin IGH, IGK or IGL genes, t(8;14), t(2;8) or t(8:22),
respectively. Approximately 10% of otherwise classic
cases may be negative for MYC by FISH studies [14].
The typical immunophenotype is expression of
CD19, CD10, CD20 and BCL-6 antigens, and nega-
tivity for BCL-2 and TdT. Characteristically more
than 90% of BL cells are Ki67-positive. There are
three BL variants:

* Endemic BL seen in pediatric cases in Africa and
New Guinea. This is predominantly extranodal
disease and usually does not involve the peripheral
blood. It is sometimes present in the bone
marrow.

* Sporadic BL with a worldwide incidence and a
predilection for a younger population. It is most
common in extranodal sites and can involve the
bone marrow in cases with high tumor burden.

* Immunodeficiency-associated BL seen with HIV
infection.

All three clinical variants carry a high risk for involve-
ment of the central nervous system [14]. Rarely BL
can be predominantly bone marrow-based without
evidence of primary tissue-based disease. In neo-
plasms with high-grade morphological features or
with a positive MYC anomaly, a challenging differ-
ential diagnosis may arise between BL and DLBCL;
additional data are necessary to help accurately cat-
egorize the process. As stated previously, MYC re-
arrangements are present in approximately 5–10% of
DLBCLs and these cases may be better classified as
B-cell lymphoma unclassifiable, with features inter-
mediate between diffuse large B-cell lymphoma and
Burkitt lymphoma [14].

Primary diagnosis or initial staging
bone marrow
Morphology: A bone marrow aspirate smear and tre-
phine imprints are very useful to assess the morpho-
logical features of BL. The cells are of intermediate size
with deeply basophilic cytoplasm containing lipid
vacuoles (positive on Oil Red O cytochemical staining).
The clot section/particle preparation and trephine
biopsy show large collections or sheets of medium-
sized cells (equal to a macrophage nucleus) with a
syncytial or squared-off cytoplasmic appearance. The
mitotic rate is high and often there are admixed tingible
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body macrophages creating a starry sky appearance;
however, the classic starry sky pattern is not as striking
in bone marrow as in tissue (Figure 11.5).

Ancillary tests in Burkitt lymphoma

Typical immunophenotype:
Positive: CD19, CD10, CD20, CD38, CD43, BCL-6,

surface Ig, Ki67 (>90%).
Negative: BCL-2, TdT.

Immunohistochemistry panel: CD3, CD10, CD20,
BCL-6, BCL-2, TdT, Ki-67.

Immunohistochemistry: Despite some morphological
similarities with lymphoblasts, the phenotype is different.
BL shows bright expression of CD20, CD45 and
restricted light chain expression; PAX-5, CD79a, CD19,
CD10, BCL-6, CD38 and CD43 are also positive and Ki-
67 is > 90% positive. BCL-2 and TdT should be negative.
B-ALL, by definition is TdT-positive, has dim CD45 and
typically does not express CD20 or surface light chains.

Flow cytometry: FCI can efficiently phenotype BL. The
neoplastic cells are bright for CD45, CD20 and CD10
and show light chain restriction; TdT is negative. This
phenotype is the same as for FL and DLBCL but there
are cytological differences.

Cytogenetics/FISH: In the appropriate morphological
and clinical setting, aMYC-IG translocation by karyo-
type or FISH is diagnostic of BL. FISH is more useful

than karyotyping due to the rapidity and high sensi-
tivity of the assay. A breakapart probe will detect
the MYC 8q24 translocation but will not identify
whether the partner gene is IGH, IGK, IGL or a non-
immunoglobulin gene. Non-IG translocation partners
are not typically seen in BL and their presence favors
the classification of B-cell lymphoma unspecified cat-
egory [27] (see Table 11.7). MYC amplifications and
complex anomalies are also more indicative of a diag-
nosis other than BL.

Caveat: MYC-IG translocations are not restricted to BL
and are seen in DLBCL, B-cell prolymphocytic leuke-
mia (B-PLL) and some transformations of small B-cell
neoplasms. Ten percent of otherwise classic cases of
BL can be negative for MYC-IG by FISH.

Molecular diagnostics: Molecular studies for a MYC-
IG fusion are cumbersome due to the high variability
of breakpoints spanning large regions of DNA.
Therefore FISH is more reliable, sensitive and specific
for detecting MYC abnormalities. IG PCR for B-cell
clonality is rarely required as morphology establishes
malignancy.

Residual bone marrow disease and
therapeutic monitoring
Bone marrow aspirate and trephine morphology, flow
cytometry, FISH and molecular genetics can all be
used to monitor disease following therapy. Molecular

ba

Figure 11.5. Burkitt lymphoma in the bone marrow.
a. Bone marrow aspirate smear shows intermediate-sized cells with deeply basophilic vacuolated cytoplasm.
b. Core biopsy with sheets of intermediate sized cells. The starry sky pattern is often not a feature in the marrow.
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studies using combined PCR methods have been
studied for minimal residual disease testing in pedia-
tric patients [28]. CSF morphology is routinely moni-
tored in BL. The cells are morphologically distinctive
(see Figure 11.9c). Confirmatory flow, FISH or IG
PCR studies can also be performed on the CSF but
are rarely required. In addition, the small CSF volume
and typical low cellularity commonly leads to insuffi-
cient cells for reliable results.

Pre-transplant bone marrow assessment
Flow cytometry for light chain-restricted CD10-
positive B-cells, and IG PCR can be performed on
follow-up pre-transplant blood and/or bone marrow
samples to detect persistent disease prior to collection
of cells for autologous transplantation.

Hodgkin lymphoma
Hodgkin lymphoma is divided into two main
categories:

1. Classical Hodgkin lymphoma (CHL).
2. Nodular lymphocyte predominant Hodgkin

lymphoma (NLPHL).

Classical Hodgkin lymphoma
Classical Hodgkin lymphoma is a neoplasm of B-cell
derivation in which there are very few large neoplastic
cells in a reactive inflammatory background. The neo-
plastic cells are CD30- and PAX-5-positive with vari-
able rates of CD20 and CD15 expression. No specific
genetic alteration has been associated with CHL. The
bone marrow is involved in <10% of cases and as the
pattern of infiltration is patchy it is recommended that
bilateral core biopsies be performed [2]. The frequency
with which the marrow is involved varies by subtype:

1. Histological subtype (Table 11.1): Patients with
immunodeficiency-associated mixed cellularity
(MC) and lymphocyte-depleted (LD) subtypes
have the highest likelihood of having marrow
involvement. However, as nodular sclerosis (NS)
CHL is more common, in absolute numbers more
marrows are involved with NS CHL.

2. Sites of disease: CHL with isolated cervical
lymphadenopathy tends to occur in younger
patients and these have much lower rates of
marrow involvement than those with
predominantly hidden primary sites, e.g.
retroperitoneum and mediastinum.

3. The presence of B symptoms may also help predict
the stage and marrow involvement.

Caveat: A primary diagnosis of classical Hodgkin lym-
phoma in the bone marrow should be made with
caution. This is due to the paucity of lesional cells in
the marrow and the similarity of architectural pattern
that can be seen with other lymphoma types. A provi-
sional diagnosis of CHL in the marrow must be corre-
lated with diagnosis at another tissue site, if possible,
due to the therapeutic differences for classical
Hodgkin versus non-Hodgkin lymphomas.

Primary diagnosis or initial staging
bone marrow
Morphology: At diagnosis the majority of patients
with CHL do not have marrow involvement. The
bone marrow is reactive with granulocytic hyperpla-
sia, eosinophilia and a plasmacytosis; Reed
Sternberg/Hodgkin cells are not present. When the
marrow is involved there are distinctive focal lym-
phohistiocytic collections and commonly with signif-
icant reticulin fibrosis in the involved areas. The
neoplastic areas in the marrow contain significant
numbers of plasma cells, lymphocytes, eosinophils
and histiocytes and few large atypical neoplastic
cells. The neoplastic cells have large nuclei with
prominent eosinophilic nucleoli; these are usually
infrequent and can be difficult to identify in the mar-
row. These lymphohistiocytic aggregates are an
important clue to the diagnosis; however they are
not diagnostic as other types of lymphoma such as
TCRBCL and PTCL can manifest the same pattern.
Therefore immunohistochemistry is an integral part
of the diagnosis (see below). CHL does not present as
isolated interstitial large atypical cells within normal
background hematopoiesis, as is seen in ALCL, or as
isolated large immunoblasts associated with reactive
appearing lymphoid aggregates. The lymphohistio-
cytic lesions are usually not readily aspirated, and
only rarely are diagnostic Reed–Sternberg/Hodgkin
cells present in the aspirate smear (see Figure 11.6).

Ancillary tests in classical Hodgkin lymphoma

Typical immunophenotype:
Positive: CD30, PAX-5, MUM1
Variable: CD15, CD20
Negative: CD45, CD79a, CD43, OCT-2, BOB.1
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Immunohistochemical panel (if morphology is sus-
picious of involvement): CD3, CD15, CD20, CD30,
PAX5 and CD45. EBER, MUM-1 and additional stains
as needed.

Immunohistochemistry: Immunohistochemistry is
only required when the bone marrow trephine mor-
phology is suggestive of involvement by CHL, as
described above. If there are no suspicious

lymphohistiocytic aggregates, IHC is not required as
the Hodgkin cells do not occur in a normal hemato-
poietic background without disturbing the marrow
architecture. The large neoplastic cells are usually
strongly CD30- and MUM-1-positive. CD15 is usually
positive and CD20 is positive in approximately 40% of
cases and usually shows variable staining intensity
within the neoplasm [14]. Both CD30 and CD15
show membranous and Golgi staining patterns.
PAX-5 typically has slightly dimmer staining than
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Figure 11.6. Classical Hodgkin lymphoma in the bone marrow. Lymphohistiocytic aggregates with admixed inflammation are key to the
diagnosis.
a. Focal infiltrate, hematoxylin and eosin (H&E) 100×.
b. Associated with extensive fibrosis, H&E 100×.
c. Neoplastic cells can be difficult to see or can show typical Reed–Sternberg cell morphology, H&E 400×.
d. IHC for CD30 200× showing a golgi pattern. Note that only few neoplastic cells are present and that associated plasma cells are positive.
e. IHC for PAX-5. The neoplastic cells are classically slightly weaker than normal background B-cells 200×.
f. EBV-ISH 200x which may be useful in some cases. CD15 may or may not be positive, also in a golgi pattern.
g. Aspirate smear showing atypical large Hodgkin or Reed–Sternberg cells, Wright–Giemsa 1000×.
h. Aspirate smear showing atypical large Hodgkin or Reed–Sternberg cells, Wright–Giemsa 1000×.
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the normal background B-cells. CD45 and EMA are
characteristically negative. T-cell antigens are usually
negative but rarely can be weakly positive. When being
assessed as part of a staging procedure, this phenotypic
profile confirms the lymphohistiocytic aggregates are
due to marrow infiltration by CHL. When the bone
marrow is the primary site of disease the main differ-
ential diagnoses include TCRBCL, PTCL and reactive
histiocytic aggregates. The large cell phenotype of
CD20 strong, CD30 patchy or negative and CD45
positive favors TCRBCL. Variable large cell staining
for CD3, CD20, CD30 and CD45 with polytypic
kappa and lambda favors the heterogenous imm-
unoblasts seen in a reactive process. In situ hybrid-
ization for EBER may be useful; EBV positivity
varies in frequency according to subtype, with the

immuno-deficiency-associated types much more fre-
quently positive.

Caveats: Plasma cells can be CD30-positive and gran-
ulocytes are CD15-positive.

Flow cytometry: Flow cytometry has no role in the
analysis of the bone marrow in CHL.

Cytogenetics/FISH: Cytogenetics/FISH studies do not
add value in CHL.

Molecular diagnostics: IG PCR is not typically needed
and is rarely performed on the bone marrow sample
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Figure 11.6. (cont.)

11 Lymphoma

233



for two reasons. Firstly, the bone marrow aspirate
sample frequently does not contain the neoplastic
cells, and, secondly although CHL is a B-cell neoplasm,
IG PCR will only detect a clonal population when
sensitive primer sets are used [29].

Nodular lymphocyte predominant
Hodgkin lymphoma
Nodular lymphocyte predominant Hodgkin lym-
phoma (NLPHL), a neoplasm of B-cell derivation
characterized by “popcorn cells,” has frequent relap-
ses, responds well to therapy and has an excellent
prognosis. The scattered large malignant (“popcorn”)
cells have convoluted nuclei and a phenotype similar
to the neoplastic cells of TCRBCL, i.e. CD20, BCL-6-
and CD45-positive. There are no specific cytogenetic
or molecular anomalies. NLPHL rarely involves the
bone marrow (<1% of cases reported) and therefore a
primary diagnosis should not be made on a marrow
biopsy. If a patient with a tissue diagnosis of NLPHL
has lymphomatous involvement of the marrow, the
primary diagnosis should be reviewed and TCRBCL
considered. Nonetheless, NLPHL that involves the
marrow may have a more aggressive course.

Primary diagnosis or initial staging
bone marrow
Morphology: When NLPHL involves the marrow the
bone marrow trephine biopsy will have nodular
aggregates of small lymphocytes with occasional
large atypical cells. These are the malignant lympho-
cyte predominant (LP, “popcorn” or L&H) cells
which are characterized by folded nuclei with multi-
ple basophilic nucleoli. The bone marrow aspirate is
rarely involved.

Ancillary tests in nodular lymphocyte predominant
Hodgkin lymphoma

Typical immunophenotype:
Positive: CD20, CD45, BCL-6, PAX-5, OCT-2, BOB.1, Ig

light chain, IgD (subset of cases).
Negative: CD15, CD30.

Immunohistochemistry panel: CD20, CD30, BCL6,
CD45, OCT-2, BOB.1, IgD, PD-1 (CD279),
additional B-cell markers as needed.

Immunohistochemistry: The phenotype of the neo-
plastic cells in NLPHL is similar to the B-cells in
TCRBCL. They express pan-B-cell antigens (CD19-,
CD22-, CD79a-positive), CD45, BCL-6, OCT-2 and
BOB.1. CD15 and CD30 are negative. PD-1-positive
T-cells may ring the neoplastic cells.

Flow cytometry: Flow cytometry does not add value in
the detection of NLPHL involving the bone marrow.

Cytogenetics/FISH: These are not required in the diag-
nosis or assessment of NLPHL involving the bone
marrow.

Molecular diagnostics: LP cells, being neoplastic
B-cells, have clonally rearranged IG genes. However,
because of the small number of neoplastic cells in
involved tissue, IG PCR will generally be negative
unless sensitive primers are used. Hence molecular
studies do not add value in the diagnosis or detection
of NLPHL involving the bone marrow as in NLPHL.

Residual bone marrow disease and
therapeutic monitoring of CHL and NLPHL
Repeat bone marrow examination for morphological
analysis should be performed as follows:

1. On completion of therapy to confirm eradication
of previously detected bone marrow disease.

2. Restaging of relapse in an extramedullary site.
3. Investigation of unexplained cytopenias, e.g. due to

bone marrow infiltration, secondary or therapy-
related myelodysplasia or marrow aplasia.

If positive, an abbreviated IHC panel is used as complete
characterization will have been performed previously.

Pre-transplant bone marrow assessment
of CHL and NLPHL
Refractory or relapsed CHL is frequently considered for
transplantation after salvage therapy. Pre-transplant
assessment is predominantly based on clinical and imag-
ing findings such as PET scans, B-symptoms and LDH
levels. Evaluation of bone marrow prior to transplant
should be similar to the initial staging bone marrow.
There is no role for flow cytometric immunophenotyp-
ing, PCR, or FISH on the marrow prior to transplanta-
tion. If a treatment-relatedmyeloid disorder is suspected,
karyotypingmaybehelpful.Transplantation is not stand-
ard treatment for NLPHL.
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Anaplastic large cell lymphoma
Anaplastic large cell lymphoma (ALCL) is a T-cell
malignancy composed of large cells that have pleo-
morphic horseshoe-shaped nuclei and abundant cyto-
plasm. Three types of ALCL are described based on
disease location and association with anaplastic lym-
phoma kinase (ALK) rearrangement:

1. Systemic neoplasms associated with a
translocation involving the ALK gene (ALCL,
ALK-positive).

2. Systemic neoplasms with no anomaly in the ALK
gene (ALCL, ALK-negative).

3. Primary cutaneous ALCL which is ALK-negative.

These disorders share morphological features and all
have strong expression of CD30 antigen. They have
morphological similarities with peripheral T-cell lym-
phoma with which they must be distinguished due to
prognostic differences [30]. Bone marrow analysis is
required for staging the systemic types of ALCL. For
primary cutaneous ALCL a bone marrow is not essen-
tial; it can be used to confirm limitation to the skin but
this is not universally accepted as being necessary [31].

Primary diagnosis or initial staging bone
marrow
Morphology: The bone marrow features of anaplastic
large cell lymphoma are variable. They most com-
monly have sheets of atypical medium to large cells
with horseshoe-shaped nuclei and perinuclear clearing
(“hallmark” cells) and frequently there are admixed
phagocytic macrophages (Figure 11.7). Less com-
monly cases have more occult scattered large cells;
these can be difficult to detect on morphology alone
and require IHC to highlight the neoplastic cells [32].
The rare lymphohistiocytic variant of ALCL can have
pink histiocytic aggregates with admixed plasma cells
and eosinophils; the differential diagnosis with this
appearance is classical Hodgkin lymphoma.

Ancillary tests in anaplastic large cell lymphoma

Typical immunophenotype:
Positive: CD30 (strong), CD25, EMA.
Variable: ALK, CD3, CD2, CD4, CD5, CD45RO, CD45,

TIA-1, granzyme B.
Negative: EBER.

Immunohistochemistry panel: CD3, CD20, CD30, gran-
zyme B. CD43, PAX-5, ALK as needed.

Caveats: CD4, TIA-1, CD43, CD13 and CD33 can be
difficult to interpret in the bonemarrow due tomono-
cyte/myeloid staining. Non-hematopoietic neoplasms
can be CD30-positive.

Immunohistochemistry: The neoplastic cells in ALCL
are always CD30-positive with the strongest staining
seen in the large cells (including in the small cell var-
iants). Although ALCL is a T-cell lymphoma, CD3 is
commonly negative (75% of cases) and should not be
used as a screening antibody. Other T-cell antibodies,
such as CD2, CD4, CD5 and CD45RO, are variably
positive. CD43 can be helpful but can be difficult to
interpret in the bone marrow due to expression of the
antigen by granulocytes. The cytotoxic associated anti-
gens TIA-1, granzyme B and perforin are commonly
positive. It is important to note that CD13 and CD33
can be expressed in ALK-positive ALCL [33].

Immunohistochemistry of the bone marrow
should be used as follows:

1. Staging marrow: It is recommended that IHC for
CD30 be performed routinely for bone marrow
staging; this improves the sensitivity of disease
detection [32]. ALK will also be helpful in a subset
of cases. It is important to note that the ALK
staining pattern (i.e. nuclear, cytoplasmic,
membranous) varies with different ALK
translocation partners (Table 11.8).

2. Diagnostic marrow: If the BM is the primary site of
disease, more extensive immunophenotyping is
required to confirm the diagnosis of ALCL. CD30,
ALK and a panel of T-cell-associated antibodies
should be used. T-cell associated markers and
CD45 can be negative in a number of cases.
Demonstration of T-cell differentiation may be
possible by detection of (in descending order of
frequency) CD2, CD7, CD3, CD4, CD5, or CD8
and CD45RO or CD43 may also help assign
lineage. The differential diagnosis of ALCL in the
marrow includes:
i. Anaplastic large B-cell lymphoma, a B-cell

malignancy with anaplastic cytology and ALK-
negative.

ii. ALK-positive B-cell lymphoma, a neoplasm of
B-cell lineage with an unusual phenotype
(CD138-positive; CD20- and CD30-negative)
with granular cytoplasmic ALK positivity.
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Flow cytometry: FCI does not significantly add to the
diagnostic or staging assessment of ALCL cases. This is
because the neoplastic cells are large and can be diffi-
cult to detect by flow cytometry. A small series showed
83% of cases were detectable by flow but there were few
captured neoplastic cells; a complex sequential gating
strategy had to be used to identify and characterize the
cells [34]. Both CD13 and CD33 can be seen on
ALCL cells by flow cytometry, most commonly in
ALK-positive cases [33].

Cytogenetics/FISH: ALCL is associated with chromo-
somal translocations involving ALK and these can be

detected by conventional karyotyping or FISH. A
FISH breakapart ALK probe should be used so that
the ALK translocation can be identified irrespective of
the translocation partner (Table 11.8). Karyotyping
and FISH are not generally required for bone marrow
staging.

Molecular diagnostics: Molecular genetic methods
can be performed on the bone marrow to detect
t(2;5);NPM-ALK either for staging or monitoring pur-
poses. Genomic breakpoints lie within NPM intron 4
and ALK intron 16, allowing detection of the rear-
rangement by RT-PCR or by long-range PCR of
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Figure 11.7. Anaplastic large cell lymphoma in the bone marrow.
a. Bone marrow core biopsy showing sheets of large anaplastic cells, hematoxylin and eosin (H&E).
b. Cytology of the classic hallmark cell in ALCL.
c. IHC for CD30 highlights the ALCL cells and increases the sensitivity for detection of marrow disease, 100×.
d. Aspirate smear showing an ALCL cell, Wright–Giemsa 1000×.
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genomic DNA. Both nested RT-PCR and real-time RT-
PCR assays are able to detect the fusion transcript at a
sensitivity of one cell in 106. PCR is much less com-
monly used than immunohistochemistry and FISH for
marrow assessment. TCR-PCR can be useful for diag-
nostic dilemmas to discriminate between ALCL and
B-cell lymphoma or CHL.

Residual bone marrow disease and
therapeutic monitoring
Restaging bone marrow examinations may be per-
formed in cases with documented bone marrow disease
at diagnosis or at relapse. The marrow assessment is
similar to that in the original diagnostic sample or
staging marrow. Although real time RT-PCR of NPM-
ALK expression has been evaluated for minimal resid-
ual disease monitoring in pediatric ALCL cases, this is
not currently used routinely [35].

Pre-transplant bone marrow assessment
If restaging is required, pre-transplant evaluation is
similar to that performed in an initial staging assess-
ment; an abbreviated IHC panel can be used. If a
bone marrow is performed all cases should be
assessed by IHC for CD30-positive cells as involve-
ment of the BM can be occult. Pre-transplant flow
cytometry, PCR and FISH studies do not add useful
information and are not required. If a treatment-
related myeloid disorder is suspected, a full karyotype
may be helpful.

Angioimmunoblastic T-cell lymphoma
Angioimmunoblastic T-cell lymphoma (AITL) is an
aggressive neoplasm characterized by systemic symp-
toms. The neoplastic cell is derived from mature
follicular helper T-cells of the lymphoid follicle and
expresses a T-helper cell phenotype (CD3-, CD4-,
CD2-, CD5-positive) together with follicular T-cell
antigens (CD10, CXCL13 and PD-1 [CD279]).
Associated EBV-positive B-immunoblasts may be
present and are polytypic but can expand to a mono-
clonal population in some cases. No specific cyto-
genetic anomalies are associated with AITL.
Bone marrow involvement by AITL is variable
(Table 11.1). The diagnosis can be subtle with the
lymphomatous involvement often “masked” by reac-
tive inflammatory cells that are secondary to systemic
dysregulation [36,37]. These confoundingmorpholog-
ical features may lead to erroneous diagnoses of
chronic myeloproliferative neoplasms, myeloma and
hypereosinophilic disorders. Bone marrows may con-
tain > 30% plasma cells and suggest a diagnosis of
myeloma; however, the plasma cells in AITL are poly-
typic [36].

Primary diagnosis or initial staging bone
marrow
Morphology: The neoplastic AITL cells are commonly
present in the bone marrow aspirate but are difficult
to identify on morphology alone. They typically are
small with eccentric, indented or cleaved nuclei and

Table 11.8. ALK gene translocation partners and ALK antibody IHC staining patterns in ALCL (adapted from [14]).

Anomaly Partner gene ALK staining pattern Percent of cases

t(2;5)(p23;q35) NPM Nuclear, cytoplasmic 84%

t(1;2)(q25;p23) TPM3 Cytoplasmic/peripheral 13%

Inv(2)(p23q35) ATIC Cytoplasmic 1%

t(2;3)(p23;q21) TFG Cytoplasmic 1%

t(2;17)(p23;q23) CLTC Cytoplasmic (granular) <1%

t(X;2)(q11–12;p23) MSN Membrane <1%

t(2;19)(p23;p13.1) TPM4 Cytoplasmic <1%

t(2;22)(p23;q11.2) MYH9 Cytoplasmic <1%

t(2;17)(p23;q25) ALO17 Cytoplasmic <1%
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gray cytoplasm sometimes with fine vacuoles. Flow
cytometry is required to confirm their presence. The
lymphomatous cells are best seen on H&E bone mar-
row trephine sections. The infiltrates classically have a
paratrabecular location and a stellate nodular appear-
ance (Figure 11.8). The neoplastic T-cells are usually
small-to medium-sized with minimal cytological
atypia and clear cytoplasm. There is an admixed poly-
morphous reactive infiltrate of CD8-positive T-cells,
histiocytes, immunoblasts, plasma cells and eosino-
phils. If the histiocytes are numerous, they can
impart a granulomatous appearance. The typical
expanded follicular dendritic cell meshwork associated

with AITL in lymph nodes is not seen in the bone
marrow.

Ancillary tests in angioimmunoblastic
T-cell lymphoma

Typical immunophenotype:
Positive: CD2, CD3, CD4, CD5, CD10, CXCL13, PD-1

(CD279). Admixed CD20-positive large
B-cells may be EBV-positive.

Immunohistochemistry panel: CD2, CD3, CD4,
CD5, CD8, CD20, PD-1 (CD279), βF1. CXCL-
13, CD10, EBER, as needed.
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Figure 11.8. Angioimmunoblastic T-cell lymphoma in the bone marrow.
a. AITL showing a mixed infiltrative pattern with stellate nodular and paratrabecular aggregates, hematoxylin and eosin (H&E), 40×.
b. Bone marrow biopsy H&E, 200×.
c. Atypical cell contours are accentuated by IHC for CD3 200×.
d. AITL cells are CD4-positive 200×.
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Immunohistochemistry: Immunohistochemistry for
CD3 and CD20 is critical to locate and assign a lineage
to the atypical cells. CD3 is helpful to highlight the
atypical cytological contours of the T-cells and PD-1 to
establish that the T-cells are abnormal [37]. CD10,
CXCL13 and EBER, although useful diagnostically
in tissue biopsies, are less useful as markers of AITL
in the bone marrow; however, if the T-cells do express
CD10 this suggests the diagnosis of AITL [36,37].
Confirmation of the diagnosis generally requires a
tissue biopsy. In contrast to other T-cell lymphomas,
AITL frequently do not show aberrant loss of T-cell
antigens; an exception is βF1.

Caveat: CD10 is positive in the marrowmeshwork and
is expressed by granulocytes, making the interpreta-
tion of staining of lymphoid cells difficult.

Flow cytometry: FCI can be used to identify AITL in
blood and bone marrow aspirates by the aberrant
expression of CD10 by T-cells (CD2, CD3 positive).

Cytogenetics/FISH: AITL does not have an associated
specific translocation therefore cytogenetics and FISH
do not add value. Trisomy 3, 5 and an extra copy of X
are recurrent anomalies.

Molecular diagnostics: TCR-PCR can be used to con-
firm the presence of clonal T-cells in the blood and/or
bone marrow. The clonal bands or peaks (depending
on the method used) can be compared to peaks
of clonal populations detected at other sites of in-
volvement. Identical fragment sizes in tissue from
separate locations lend further evidence for a neoplas-
tic clone.
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Figure 11.8. (cont.) Angioimmunoblastic T-cell lymphoma in the
bone marrow showing immunohistochemical reactivity patterns.
e. IHC for CD10 200×, and (f) CXCL-13 200× is less useful due to high
background and decreased expression in bone marrow.

g. CD20, 200× showing intermixed small B-cells which may lead to a
false diagnosis of reactive mixed lymphoid infiltrates.
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Disease or therapeutic monitoring
Bone marrow is usually monitored by morphology,
IHC for the antigens known to be expressed by the
AITL cells and TCR clonality. Flow cytometry can be
used on the blood and bone marrow aspirate to mon-
itor continued presence of the abnormal CD10-
positive T-cells.

Pre-transplant assessment
If marrow reassessment is required prior to transplan-
tation the evaluation is similar to that performed in the
initial staging. However, an abbreviated IHC panel can
be used targeting the known antigen expression

profile. If a treatment-related myeloid disorder is sus-
pected, a karyotype may be helpful.

General principles of cerebrospinal
fluid examination
It is rare for a primary diagnosis of lymphoma to be
made on a cerebrospinal fluid (CSF) sample. The CSF
is most commonly examined as a staging or monitor-
ing procedure for lymphomas that are known to have a
high predilection for central nervous system (CNS)
involvement. Most CSF samples are obtained during
administration of prophylactic intra-thecal therapy
and not necessarily in the setting of known
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Figure 11.9. Abnormal cells in body fluids.
a, b. T-cell lymphoma in the CSF showing atypical nuclear contours and coarse chromatin, cytospin. (a) Wright–Giemsa, 800× (b) and

(b) Papanicolaou stain, 1000×.
c, d. Burkitt lymphoma showing cytoplasmic vacuoles in metachromatic stains, cytospin. (c) Wright–Giemsa, 1000× (d) and coarse chromatin on

Papanicolaou stain 1000×.
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involvement. These fluids should be triaged quickly as
the cells degrade within a day after collection.

Morphology: The cellularity of normal CSF is very
low. Hypercellularity can be a clue to involvement by
lymphoma but this can also be due to a reactive lym-
phocytosis; these must be differentiated and some
helpful features are:

1. Reactive CSF lymphocytosis usually has cells of
varying size with a variable amount of
cytoplasm and may be accompanied by
neutrophils.

2. Malignant lymphoid infiltrates are usually
monomorphous with few neutrophils. These
populations may be sufficiently atypical for a
definitive morphological diagnosis if the process
has been characterized elsewhere. Others may
require additional ancillary testing for
confirmation (Figure 11.9).

Lymphomas that commonly involve the CSF are:

1. Burkitt lymphoma which has the distinctive deeply
basophilic and vacuolated cytoplasm (Figure 11.9c,d).

2. Some T-cell lymphomas, which usually have
medium- to large-sized cells with markedly
atypical nuclear contours.

Caveats: If many red blood cells are present, periph-
eral blood contamination may be the source of the
neoplastic cells and not the CSF. Also, rarely vertebral
bone marrow can be inadvertently sampled during
the procedure, especially in children, with hemato-
poietic precursors confounding the CSF picture.
Correlation with the clinical history and peripheral
blood smear findings is important in these cases.
Also, cytocentrifuge preparations can cause nuclear
features to look slightly more immature (fine chroma-
tin pattern) and should not be over-interpreted.

Ancillary tests in cerebrospinal fluid analysis
Immunohistochemistry: A paraffin-embedded cell
block can be prepared from the CSF and used for IHC
analysis. Cell blocks can be very useful in cases where
morphological identification of the cells together with
the antigen expression profile is imperative. There can
however be higher background staining than tissue.

Flow cytometry: Flow cytometry is extremely useful if
there are sufficient cells in the sample and these are
viable. Flow cytometry can be used to rapidly obtain
the phenotype of the neoplastic population and to
determine whether a B-cell population has restricted

Table 11.9. Relative utility of ancillary techniques in the diagnosis of lymphoma involving the bone marrow.

Diagnosis Most useful Potentially
useful

Rarely useful

FL BM biopsy IHC, FISH, IGH, FCI

MCL BM aspirate, FCI, BM biopsy, IHC

SMZL FCI, BM biopsy, IHC IGH

EMZL FCI, BM biopsy, IHC IGH

NMZL FCI, BM biopsy, IHC IGH

DLBCL BM biopsy, IHC BM aspirate, FCI, FISH IGH

BL BM aspirate, FCI, BM biopsy, IHC, FISH Karyotype IGH

CHL BM biopsy, IHC BM aspirate, FC, FISH, IGH

NLPHL BM biopsy, IHC BM aspirate, FCI, FISH, IGH

AITL BM biopsy, IHC BM aspirate, FCI, TCR

ALCL BM aspirate, BM biopsy, IHC FCI, TCR FISH

BM aspirate: aspirate morphology; FCI: flow cytometry; BM biopsy: bone marrow core biopsy morphology/
architecture; IHC: immunocytochemistry; FISH: fluorescence in situ hybridization; IGH: PCR for immunoglobulin; TCR:
PCR for T-cell receptor.

11 Lymphoma

241



light chain expression (clonal). Normocellular fluids
usually do not contain sufficient cells for a reliable
analysis. Also, if the sample is degraded and cell via-
bility is low the study is not valid as neoplastic cells may
be present and not be detected.

Cytogenetics/FISH: As CSF is fresh fluid, karyotyping
and FISH can be performed but is rarely indicated.

Molecular diagnostics: PCR and Southern blot are
available if required for diagnosis but are not routinely
used.

Conclusion
The diagnosis and staging of lymphoma in the bone
marrow can be challenging. The use of morphology
together with a number of ancillary techniques in
an educated fashion increases the efficiency and accu-
racy. Unnecessary testing should be avoided due to the
cost and the potential for misinterpretation and erro-
neous conclusions. Table 11.9 summarizes the various
lymphoma entities described in this chapter and the
ancillary techniques that give the highest yield of infor-
mation for each diagnosis.
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12 Plasma cell neoplasms
Rafael Fonseca and Riccardo Valdez

Introduction
Plasma cell neoplasms result from the clonal expansion
of terminally differentiated B-cells that have the capacity
to secrete a monoclonal immunoglobulin (Ig). This
chapter will discuss the appropriate use of diagnostic
techniques in the diagnosis and assessment of multiple
myeloma, monoclonal gammopathy of undetermined
significance, smoldering myeloma, plasma cell leukemia
and Waldenström macroglobulinemia.

Multiple myeloma
Multiple myeloma (MM) is a plasma cell malignancy
characterized by the proliferation of plasma cells (PC),
mostly within the bone marrow (BM) [1]. The disease
peaks in incidence in the seventh decade of life [2].
While still considered an incurable diagnosis for most
patients, patients are surviving longer due to the avail-
ability of new treatments [3,4]. In a subset of patients,
mostly those treated with more aggressive interven-
tions such as combinations of novel agents and autolo-
gous stem cell transplant (SCT), the disease may be
curable [5]. MM is part of a spectrum of disorders
characterized by this proliferation of clonal PC which
includes monoclonal gammopathy of undetermined
significance (MGUS) and smoldering MM (SMM).
In MGUS, patients have a minimal plasmacytosis and
the monoclonal PCs cause no harm to the individual;
it is usually detected incidentally. Patients with
MGUS can go on for years, often decades, without
ever having further expansion of the monoclonal PCs
[6]. Patients with SMM have a more advanced plasma-
cytosis, yet have no discernible evidence of end
organ damage due to this expansion. Pathologically
the diagnosis of SMM is made when a patient has
greater than 10% plasma cells in the BM but still has

no complications [7]. MGUS and SMM will be dis-
cussed in more detail later in this chapter.

Complications of MM arise due to tumoral effects
or the effect of the protein produced by the plasma
cells. The tumoral effects of the clonal PC expansion
result in anemia and bone destruction [8]. The bone
destruction, manifest by hypercalcemia (due to the
release of matrix calcium) and loss of bone structure,
is characterized by lytic bone lesions, osteoporosis
or pathologic fractures. The main consequence of the
protein production and its physicochemical characte-
ristics is impairment of renal function resulting from
the light chains damaging the tubules [9]. Other
paraneoplastic complications such as amyloidosis or
POEMS syndrome can also occur but will not be dis-
cussed further.

Diagnosis of multiple myeloma
An accurate diagnosis of the disease is critical to estab-
lish optimal management. Unlike many other hema-
tological malignancies, decisions regarding treatment
do not rest solely on the pathologic findings. In fact the
pathologic analysis per se is insufficient to allow deci-
sions regarding need for treatment [10]. The patho-
logical analysis has to be coupled with information
emanating from the clinical interview and other labo-
ratory parameters. It is for this reason that close com-
munication between the pathologist and the clinician
is crucial. It is particularly important for the clinician
not to initiate treatment alone on the BM report diag-
nosis being consistent with MM. At the time of diag-
nosis, at a minimum, a patient should have a complete
blood count and chemistry (evaluating calcium and
creatinine), β2-microglobulin, serum and urine elec-
trophoresis and immunofixation as needed, quantita-
tive immunoglobulins and serum free light chains

Diagnostic Techniques in Hematological Malignancies, ed. Wendy N. Erber. Published by Cambridge University
Press. © Cambridge University Press 2010.
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(Table 12.1). In addition all patients need to have a
complete bone marrow evaluation including aspirate
and biopsy and FISH analysis. Patients need to have a
thorough radiological evaluation for bone lesions. In
this chapter we will deal with a description of tests
commonly used in the evaluation of patients with MM
and what a work-up recommendation might be.

Blood count and film
The blood count in patients presenting with myeloma
commonly shows mild pancytopenia with red cell
macrocytosis (MCV 100–105 fl). On the blood film
there is generally rouleaux formation and background
staining due to the presence of a paraprotein. There
may be circulating plasma cells and the number bears
some correlation with prognosis. The number of cir-
culating plasma cells is also used to discriminate
between plasma cell myeloma (<2 × 109/L) and plasma
cell leukemia (≥20% of leukocytes or ≥2 × 109/L). The
morphology of circulating neoplastic plasma cells
varies from well-differentiated, resembling those in
bone marrow, to pleomorphic with atypical features,
such as small size with minimal cytoplasm

(lymphoplasmacytoid), large, cleaved, indented or
lobated nuclei and presence of nucleoli.

Bone marrow aspirate and trephine biopsy
Bone marrow examination, with both aspirate and
trephine biopsy, is one of the most important com-
ponents of the laboratory evaluation in individuals
suspected of having MM or a related condition.
While MM is known to be a patchy disease, as
commonly evidenced by radiographic findings
including MRI studies demonstrating heterogeneous
bony mottling, the diagnosis can usually be estab-
lished with a high quality unilateral bone core biopsy
and aspirate. Bilateral procedures, as sometimes per-
formed for lymphoma staging, are unnecessary in
MM. Obtaining a core biopsy and aspirate (rather
than just one or the other) improves the chances of
obtaining a truly representative sampling of this
patchy disease.

Bone marrow aspirate: The bone marrow aspirate in
MM will show a variable plasmacytosis. As the pattern
of marrow infiltration is commonly focal, a “squash”
preparation is generally helpful in ascertaining the

Table 12.1. Laboratory evaluation of multiple myeloma at diagnosis.

Laboratory test Specific features/comments

Blood count and film with differential count At diagnosis
Plasma cell enumeration (% plasma cells)
Presence of rouleaux
Ongoing regular monitoring for response to therapy

Bone marrow aspirate Plasma cell morphology
Plasma cell enumeration

Bone marrow trephine Pattern of bone marrow infiltration
Immunocytochemistry for CD138; +/− CD56, light chains
Repeat to monitor response to therapy

Flow cytometry At diagnosis to establish plasma cell phenotype
For ploidy and to assess proliferation rate

Cytogenetics/FISH To detect genetic abnormalities associated with prognosis
Minimal panel: t(4;14), t(14;16), del17p

Biochemistry β2-microglobulin
SPEP, immunofixation, UPEP
Serum free light chains
Quantitative immunoglobulins
Renal function
Calcium

Radiology Skeletal survey +/− MRI

SPEP: Serum protein electrophoresis; UPEP: Urine protein elecrophoresis
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degree of marrow infiltration (Figure 12.1). However,
it is standard practice to perform the plasma cell count
on the aspirate smears where 30% or greater plasma
cells are generally present. The plasma cell morpho-
logy can resemble normal plasma cells but morpho-
logical atypia is common with features such as:

1. Cell size: vary from small lymphoplasmacytoid
cells with minimal cytoplasm to large plasma cells
with abundant cytoplasm.

2. Nuclear : cytoplasmic ratio: high in
lymphoplasmacytoid cells to very low.

3. Cytoplasm: usually basophilic and may contain
vacuoles (Russell bodies or Mott cells), crystals or
other azurophilic inclusions (Figure 12.2). “Flame”
plasma cells which have reddish peripheral
cytoplasm due to distension of the
endoplasmic reticulum by immunoglobulin, most
commonly IgA.

4. Nuclei: less condensed chromatin, bi- or
multinuclearity and presence of nucleoli.

5. Anaplastic plasma cells with morphology that may
be difficult to recognise as plasma cells.

Although many important pieces of hematological
data are obtained during the evaluation of a bone
marrow aspirate specimen, an accurate estimate of
percentage of PCs in the bone marrow is the single
most important aspect of the evaluation in patients
with a suspected plasma cell disorder. An accurate PC
percentage can be obtained in most cases through
careful cytological examination and manual

differential cell count (usually based on 500 cells) of
a Romanowsky stained bone marrow aspirate smear;
this is generally more accurate than estimating plasma
cell number on a hematoxylin and eosin (H&E)
stained biopsy section.

Bone marrow trephine: The pattern of bone marrow
infiltration in MM may be focal (interstitial or nodu-
lar) or diffuse (Figure 12.3). With disease progression
the plasma cell infiltrate extends and diffusely replaces
normal hematopoietic activity. The plasma cells tend
to be relatively monomorphic, intermediate-large
sized cells with eccentric nuclei and amphophilic
cytoplasm with a pale-staining Golgi region on H&E
staining. Giemsa staining can be useful to highlight
plasma cells due to the prominent cytoplasmic baso-
philia. Multinuclear and giant plasma cells can be
seen. The nuclear chromatin is condensed with coarse
clumping (“clock face” appearance) and a nucleolus
may be present. Plasma cell inclusions such as Dutcher
bodies (pseudo-nuclear inclusions) and cytoplasmic
inclusions, such as vacuoles or Russell bodies may be
present. The trephine biopsy generally gives a better
indication of the extent of disease than the aspirate.

Immunocytochemistry using CD138 antibodies,
which are relatively specific for plasma cells, can be
used to highlight the plasma cells, determine the
extent of disease and to quantify plasma cells. Immu-
nocytochemistry on the trephine can also be used
to determine whether the PC are neoplastic. CD56
positivity is an indicator that the plasma cells are

a b

Figure 12.1. Characteristic plasma cell morphology in the bone marrow aspirate of multiple myeloma.
a. Bone marrow aspirate “squash” preparation showing a marked plasmacytosis of relatively monomorphic intermediate-sized cells.
b. Pleomorphic plasma cells including multinucleated plasma cells.
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neoplastic, as is kappa or lambda (cytoplasmic) light
chain restriction. There may be an increase in retic-
ulin, particularly with extensive disease.

Correlation of aspirate and trephine: The two speci-
men types must be correlated for the most accurate
results. In cases where an inadequate or hemodilute
aspirate was obtained, the bone core biopsy becomes
more central to determining the extent of plasmacy-
tosis. It should be noted that there is sometimes dis-
cordance between the percentage of PCs in the aspirate
smears and that in the core biopsy section. This can
be for a variety of reasons, including focal disease,
hemodilute aspirate smears, inaspirable marrow due
to extensive disease or increased reticulin, suboptimal

core biopsy but good aspirate (Figure 12.4). A hemo-
dilute marrow aspirate is a common explanation for
an artificially low PC percentage. The impact of hemo-
dilution increases as higher volume bone marrow
aspirates are obtained to complete necessary ancillary
studies including flow cytometry, cytogenetic and
fluorescence in situ hybridization testing. For the pur-
poses of clinical prognostication, it is therefore recom-
mended that the higher number of PC from the two
specimen types always be used.

Some caveats are worth noting when considering
a BM biopsy in an individual suspected of having
MM or a related disorder. Patients who present with
multiple plasmacytomas may not have evidence of a
clonal PC population in a random site bone marrow

a b

c d

Figure 12.2. Plasma cell morphology in bone marrow aspirates showing varied morphological features. These features generally bear little
clinical significance but may represent pitfalls for accurate diagnosis.
a. Flame plasma cell showing the eosinophilic (red) coloration at the edges of the basophilic cytoplasm. This feature has been associated with
IgA-type plasma cells.

b. Plasma cells with Auer rod-like inclusions.
c. Plasma cell with multiple crystalline inclusions.
d. Plasma cell with large crystalline inclusions.
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biopsy and aspirate when evaluated by outline morpho-
logical methods alone. Adjunct testing such as immu-
nocytochemistry or fluorescence in situ hybridization
may be required to assess for the presence of a low level
PC clone in such cases. A number of pathological and
immunophenotypic characteristics of PCs have been
associated with variable outcomes in MM (e.g. plasma-
blastic morphology [11]), but none are in wide clinical
use due to low levels of reproducibility and the current
availability of better prognostic tools (see below).

Morphological subtypes of MM: Although the mor-
phology of most cases of myeloma is characteristic
and easy to diagnose, there are some specific

morphological subtypes, detectable on both aspirate
and trephine biopsy, which have atypical cytological
features; these have been reported to be associated with
prognosis and include:

1. Lymphoplasmacytic morphology: This is seen in
approximately 15% of MM cases and comprises
small well-differentiated plasma cells. This is
associated with t(11;14)(q13;q32) and
expression of CD20 antigen and cyclin D1
(see below).

2. Plasmablastic myeloma: Approximately 10% of
cases have immature plasma cell morphology, i.e.
variable cell size, with a higher nuclear :

a b

c d

Figure 12.3. Morphological and immunocytochemical features of multiple myeloma in bone marrow trephines.
a. Example of nodular pattern of marrow involvement in myeloma.
b. Characteristic appearance of neoplastic plasma cells at high magnification.
c. Anaplastic myeloma cells. The morphology can be non-specific without immunocytochemical analysis.
d. CD138 (immunoperoxidase staining) positivity of the plasma cells in myeloma.
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cytoplasmic ratio, fine chromatin and nucleolus
(Figure 12.5).

3. Anaplastic myeloma: The plasma cells are poorly
differentiated with marked morphological atypia.
The plasma cells can mimic other hematological
malignancies (including lymphoma and acute
leukemia) and require immunophenotyping to
make the diagnosis. These tend to be highly
aggressive.

Flow cytometry and proliferation assays
The phenotype of normal and neoplastic plasma cells
differ and therefore flow cytometry can be used in the
diagnosis of MM. It is now common practice for a
portion of the BM aspirate to be analyzed by flow
cytometric analysis [12–14] (Table 12.2 and
Figures 12.6 and 12.7). Applications of flow cytometry
include to:

1. Detect and enumerate plasma cells, using
CD38 and CD138 as plasma cell-associated
antibodies.

2. Distinguish normal from neoplastic plasma cells
based on phenotype, i.e. CD19 antigen is expressed
by normal plasma cells but absent from neoplastic
cells. CD56 is positive in 90% of MM and negative
on normal plasma cells.

3. Identify specific types of MM, e.g. CD20-positive
disease associated with t(11;14).

4. Detect cytoplasmic kappa or lambda light chain
restriction, thereby inferring clonality.

5. Detect markers associated with prognosis, e.g.
expression of CD27 antigen associated with good
prognosis, CD28 with poor prognosis, or lack of
CD56 and poor prognosis.

6. Determine the proliferation rate based on Ki67
(MIB-1) expression or plasma cell labeling index,

c

ba

Figure 12.4. Discordance between the number of plasma cells in
the bone marrow trephine biopsy and aspirate smears due to the
patchy nature of marrow infiltration.
a. Bone marrow trephine biopsy showing patchy plasma cell

infiltrates admixed with normal background bone marrow
elements.

b. Bone marrow trephine biopsy stained with CD138 highlighting
the patchy interstitial plasmacytosis.

c. A representative field of the corresponding bone marrow
aspirate smear showingmyeloid cells and only a single plasma cell
(arrow).

12 Plasma cell neoplasms

249



i.e. the percent PC in S-phase of the cell cycle using
bromodeoxyuridine incorporation.

7. Calculate the plasma cell DNA index (Figure 12.8).
8. Detect disease-associated antigens which can be

used for monitoring residual disease.
9. Detect antigens which may be targets for antibody-

based therapy, e.g. CD138, CD27 or CD28.

Routineflowcytometric immunophenotyping, how-
ever, generally only plays only a minor role in the diag-
nosis of MM. Clonality assessment (and quantitation)
of PCs is most often accomplished directly through the
use of antibodies and immunocytochemistry or probes

and in situ hybridization on fixed bone marrow biopsy
material, or, indirectly through serum protein electro-
phoresis and immunofixation testing of serum and/or
urine. One of the reasons flow cytometry is not more
widely used in routine diagnosis is because of the ten-
dency for PCs to be fragile and lost during the proces-
sing steps involved in preparing the aspirate for analysis
by the flow cytometer. This can result in reporting a
falsely low number of clonal plasma cells or failure to
identify a PC clone due to low numbers, both of which
may cause confusion. Newer and more standardized
sample preparation methods are being developed to
overcome this technical issue. This will be necessary as

Table 12.2. Phenotype of normal and neoplastic plasma cells.

Antigen Normal plasma cells Neoplastic plasma cells

CD19 Positive Negative

CD20 Negative Positive with t(11;14)

CD27 Negative Positive in 50% cases

CD28 Negative Positive in 30–50% cases

CD38 Positive Positive

CD45 Majority negative Negative

CD56 Negative Positive in 90% cases

CD138 Positive Positive

ba

Figure 12.5. Plasmablastic multiple myeloma.
a. Bone marrow aspirate showing immature nuclear chromatin of the neoplastic plasma cells.
b. Bone marrow trephine showing prominent nucleoli in the plasma cells.
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accurate phenotypic characterization and quantitation
of neoplastic PCs becomes a more important part of the
management of MM patients, particularly in regard to
minimal residual disease (MRD) testing. This is most
relevant for patients undergoing stem cell transplanta-
tion [15], evaluation of those suspected to be in stringent
CR, and monitoring patients in clinical trials. While
FCI is not currently an essential test in the routine
diagnostic evaluation of patients with clear-cut MM, it
does have an important role in the evaluation of patients
with IgM or IgA paraproteinemias, which may be asso-
ciated with B-cell non-Hodgkin lymphomas with or
without plasma cell differentiation (e.g. lymphoplasma-
cytic lymphoma and marginal zone lymphoma).

Proliferation assays, such as the plasma cell label-
ing index test, can provide useful diagnostic and prog-
nostic information in patients with MM and related
disorders; however, these tests are not routinely

performed in most clinical laboratories. The develop-
ment of flow cytometry-based proliferation assays
and/or the identification of surrogate markers of pro-
liferation may make this type of analysis more com-
monplace in the future.

Genetic assays
Genetic factors are the preferred method to establish
prognostic categories in myeloma [16]. Testing for
genetic aberrations, especially by FISH, has therefore
become an integral part of the initial evaluation of the
disease.

Karyotype

The presence of abnormal metaphases by karyotype
analysis has been identified as a powerful prognostic
feature in MM. It is now well accepted that the presence
of any cytogenetic abnormalities is associated with an

CD38
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d e
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Figure 12.6. Schematic depiction of phenotypic markers and sample gating strategies used to assess plasma cells by flow cytometry.
a. Plasma cells are identified by bright co-expression of CD38 and CD138 (dark blue circle). Note that the normal subset of lymphocytes are also
CD38-positive but CD138-negative.

b. Gating on CD38-positive cells shows the plasma cell population to be CD45-negative or dim.
c. The CD38-positive plasma cells are negative for cytoplasmic kappa.
d. The CD38-positive plasma cells show cytoplasmic lambda light chain restriction.
e. Analysis of the dual CD38/CD138-positive plasma cells shows them to express CD56 and lack CD19 expression, the phenotype of neoplastic
plasma cells.

f. Gating on cells with bright CD38 and dim CD45 expression demonstrates an additional population of clonal plasma cells in that quadrant.
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inferior outcome in MM [17]. Dewald and colleagues
first reported the impact of abnormal cytogenetics and
outcome inMM, and noted that the percent of abnormal
metaphases correlated with outcome [17]. Later Tricot
and colleagues identified the presence of any abnorma-
lities and chromosome 13 aberrations as major determi-
nants of outcome [18]. In subsequent studies of large
cohorts of patients the presence of abnormalities, espe-
cially structural, and hypodiploidy emerged as impor-
tant prognostic determinants in MM [19].

While these chromosomal abnormalities carry
this prognostic significance the use of karyotyping is

fraught with several limitations. Karyotyping in MM
usually yields normal results, as the metaphases being
analyzed originate from the myeloid elements of the
BM, and not the myeloma cells which have a much
lower proliferation rate [17,20]. Metaphase FISH and
multicolor karyotyping are notmuchmore informative
than standard cytogenetic analysis due to this problem
that the majority of metaphases originate from the
myeloid elements and not the PC. It has been shown
that the ability to obtain abnormal metaphases corre-
lates closely with both the extent of BM involvement by
PCs and with their proliferation [21]. Many consider

Figure 12.7. Flow cytometry histograms showing CD138, CD45 and cytoplasmic kappa and lambda gating strategies for assessing
plasma cells. The plasma cells (light blue) are CD45-negative, CD138-positive with kappa light chain restriction.
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the presence of any cytogenetic abnormality a surrogate
of these two MM features. In addition the “chromo-
some anatomy” of certain abnormalities, such as t(4;14)
(p16;q32), make them invisible on metaphase spreads,
even when metaphase abnormalities are detected [22].
Recommendations of which genetic test to perform
remains controversial, with some advocating continued
use of metaphase spreads as prognostic tools and some
recommending the use of interphase cytogenetics
and novel genomic technologies. Whilst this debate

continues, it should be clear to the treating physician
that the presence of any abnormality is indicative of a
more aggressive MM.

Fluorescence in situ hybridization

With the advent of interphase molecular cytogenetic
techniques the aforementioned limitations of meta-
phase cytogenetics were overcome [23]. FISH panels
have now been developed and can be used to establish
disease subtype categorization (Table 12.3). It is
important to note that FISH testing in MM needs to
be coupled with a method to accurately identify the
PC (Figure 12.9). FISHmay be coupled with immuno-
fluorescence detection of PCs using FICTION (e.g.
cIg-FISH), morphology and other stains (e.g.
Giemsa) or cell sorting (e.g. with CD138 bead selec-
tion). These approaches are essential to ensure that
only the genetics of the PCs is assessed [23,24]. In the
absence of one of these methods to confidently identify
the PC the test lacks sensitivity and its diagnostic
reliability is lost.

Minimal FISH panel: A minimal panel for FISH test-
ing in MM should include, at the very least, probes
to detect del(17p13), t(4;14)(p16;q32) and t(14;16)
(q32;q23) [25]. The presence of any one of these factors
is now widely used as an indicator of high risk or poor
prognosis MM. Testing for the translocations needs
to be done only once as the subtype of MM does not
change over time [25]. Testing for del(17p13) could be

Table 12.3. Fluorescence in situ hybridization (FISH)-detectable genetic abnormalities in multiple myeloma.

Genetic abnormality Genes involved Frequency Prognosis

1. Primary genetic events

t(4;14)(p16;q32) FGFR3–IgH 15% Unfavorable

t(14;16)(q32;q23) IgH–cMAF 5% Unfavorable

Hyperdiploidy Numerical abnormalities Favorable

t(11;14)(q13;q32) CCND1–IgH 15% Neutral

2. Secondary genetic events

13q deletions and monosomy 50%

17p13 deletions p53 10% (at diagnosis) Unfavorable

Chromosome 1
abnormalities

1q gains
1p losses

Common Unfavorable

12p deletions CD27 gene 10% Unfavorable

Figure 12.8. Flow cytometry histogram showing the DNA content
of normal cells (blue line) and those from a myeloma patient (red
line). The myeloma sample has one large peak of normal (diploid)
cells and a second peak of hyperdiploid myeloma cells (DNA index
of 1.4).
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considered as a test that can be repeated. While no
formal clinical validations have been done it is clear
that deletions of 17p13 can arise during follow-up and
identify patients with more aggressive disease.

Extended FISH panel: An extended FISH panel can be
used to detect genetic defects that have modest effects
on outcome. This would encompass other markers of
genetic categories such as deletion of chromosome
13 (−13), t(11;14)(q13;q32), hyperdiploidy and others.
These markers can sometimes serve useful diagnostic
purposes [25]. For instance patients with MM and
t(11;14)(q13;q32) can have lymphoplasmacytic mor-
phology, express CD20 and upregulated cyclin D1,
occasionally creating a possibility of a diagnosis
of lymphoproliferative disorder, other than MM
(Figure 12.10) [26]. In these cases the presence of
t(11;14)(q13;q32) together with a monoclonal protein
makes the diagnosis of MM certain. Similarly the
presence of t(11;14)(q13;q32) in patients with an IgM
monoclonal protein virtually excludes the diagnosis
of Waldenström macroglobulinemia and establishes
IgM MM [27,28].

Detection of abnormalities of chromosome 13 by
FISH (monosomy or interstitial deletion) often creates
confusion for the treating physician and deserves
explanation. While detection of −13 by FISH has

been associated with a diminished prognosis, its effects
are not strong enough for these patients to be catego-
rized as high-risk MM [29]. It is therefore important
to recognize that the presence of −13 alone cannot be
used to guide treatment decisions in MM.

A number of new genomic markers have been
identified in myeloma using array-based comparative
genomic hybridization (aCGH) [30–32]. Notable
amongst these are amplifications of chromosomes
1 (1q) or 5q and 12p deletions. Using these markers
a French group has been able to identify subsets of
patients with dissimilar outcomes. While these
markers were identified via aCGH they are eminently
applicable to interphase-based strategies that could
potentially be used with other known prognostic
markers to identify groups of patients with progno-
stic relevance. Further testing and validation of such
markers is underway.

Genomic technologies

The advent of RNA-based microarrays allows a
detailed assessment of the transcriptional profile
of MM cells [16]. Several lessons have already been
learned from such efforts. The first is that MM is
composed of well-defined subgroups of the disease
that usually share a founder genetic lesion (e.g. an
IgH translocation subtype) that results in a uniform
transcriptional profile [33]. Accordingly seven to eight
subgroups of the disease have been identified. Second
is that GEP allows for the best prognostication of
MM [16,33]. Investigators have developed a high-
risk profile based on GEP signature data that identifies
15% of patients who have the most aggressive variants
of the disease, and for whom new treatment modalities
are needed. GEP has also allowed further insights
into the biology of the disease such as with the disco-
very of bone lesions associated with dysregulated
DKK1. GEP is also being used to identify predictors
of therapeutic benefit (e.g. response rate, duration of
response).

Gene expression profiling is not currently available
as a routine clinical laboratory test for a variety of
reasons, including practical limitations (e.g. the need
for a purification step to separate MM cells from back-
ground bone marrow elements prior to RNA extrac-
tion and the necessity for a large number of cells for
testing) and regulatory issues. GEP testing is being
performed in research laboratories, and further tech-
nological advances perfected in that arena (such as

Figure 12.9. FISH using probes for p53 (red; R) and centromere 17
(green; G) combined with immunofluorescence for CD138 (Alexa
Fluor 35) highlighting the plasma cells (blue). Abnormal plasma cells
can be seen with a 1R2G pattern, indicating deletion of p53. The
normal cells show a 2R2G signal pattern.
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the ability to perform the GEP with fewer cells). This
will help pave the way for GEP to be fully developed
and validated for use in accredited clinical laboratories
for MM and other cancer types in the near future.

Protein analysis
The integration of proteomic markers into the clinical
assessment of multiple myeloma presents opportu-
nities and challenges [34]. The monoclonal proteins
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Figure 12.10. Lymphoplasmacytic myeloma.
a. Bone marrow aspirate showing small cells with

lymphoplasmacytic morphology.
b. Bone marrow trephine biopsy demonstrating dense multifocal

infiltrates of plasma cells with a lymphoid appearance.
c. CD138 immunostaining confirms the atypical

cells to be plasma cells and not B-cells.
d. Cyclin D1 immunostain shows nuclear positivity in a large

number of the plasma cells (immunoperoxidase stain).
e. FISH combined with immunofluorescence confirms the

presence of t(11;14) in a plasma cell (identified by cytoplasmic Ig
expression). The red and green signals represent normal
chromosomes 11 and 14whereas the combined red/yellow/green
signal indicates fusion of probed regions on chromosomes
11 and 14.
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associated withMM and related conditions are the ideal
proteomic marker in that they are disease-, patient- and
clone-specific. Indeed the protein variation introduced
by the process of somatic hypermutation makes the
specificity of monoclonal proteins unsurpassable as
ideal protein biomarkers. Furthermore these proteins
can be measured with tests that have enough amplitude
that make them reliably quantitative, and thus of clinical
use. As such the identification and quantification of
monoclonal proteins has been themainstay for diagnosis
and monitoring of the disease for the past 40 years [35].

Serum protein electrophoresis and immunofixation

Serum protein electrophoresis (SPEP) is essential for
the diagnosis andmonitoring ofMM and other plasma
cell and monoclonal protein disorders (Figure 12.11).
It is a test that is widely available and reliably allows
the identification of monoclonal proteins that exceed
a serum concentration of approximately 30 g/L.
Following electrophoresis, a non-specific protein dye
is used for protein labeling and visualization of bands.
Monoclonal protein bands can then be identified and
quantified in the gamma and less frequently the beta
regions of the SPEP gel. SPEP can serve as a useful
initial screening procedure whenMM is suspected. It is
important to highlight that the SPEP results alone do

not have enough negative predictive value to exclude
underlying MM or associated conditions. In some
instances the concentration of the monoclonal pro-
teins is so low that it can only be detected by more
sensitive methods such as immunofixation, serum free
light chain assay or urine protein electrophoresis. The
specificity of SPEP is, however, high and detection of a
monoclonal protein band should prompt a compre-
hensive evaluation by a clinical hematologist.

SPEP results are reliable enough that measurement
of monoclonal bands by this method is routinely used
in clinical practice [35]. The monoclonal band is com-
monly referred to as the M-spike (for “monoclonal” or
“myeloma” spike). The spikes are quantified by meas-
uring the area under the curve and calculated via inte-
gration. Quantitation is easiest and most reliable when
the monoclonal protein migrates to the gamma glob-
ulin region. This is more common with IgG monoclo-
nal proteins than with IgA or IgMmonoclonal proteins
which often migrate to the beta region. Beta region
spikes are sometimes difficult to see on SPEP gels, and
increases in beta region proteins may warrant evalua-
tion by immunofixation even if a distinct band (restric-
tion) is not seen. Subsequent measurements of beta
region spikes may be best accomplished by quantitative
immunoglobulin analysis.

While SPEP will show evidence of a band of
restricted mobility (“BORM”) in one of the protein
regions, immunofixation is required to confirm that it
is a true monoclonal protein band and to further
characterize the heavy and light chain components.
In the immunofixation test, monoclonal antibodies
specific to the major Ig heavy chains (G, A, M) and
the two Ig light chains (kappa and lambda) are used.
Immunofixation can therefore characterize a mono-
clonal protein. It is also more sensitive than SPEP and
is therefore capable of detecting smaller amounts of
monoclonal protein. A negative immunofixation test
following therapy is therefore used accordingly as a
marker of deep therapeutic response.

Quantitative immunoglobulins

Quantitative serum immunoglobulin determination
should be performed routinely during the evaluation
of individuals with MM and related disorders.
Quantitation is performed by nephelometry, an auto-
mated test performed that uses the principle of light
scatter. While nephelometry can provide accurate
levels of serum immunoglobulins, it cannot be used
to determine if increased immunoglobulin levels are

Figure 12.11. Serum protein electrophoresis gels showing:
a. Normal serum protein pattern.
b. Large monoclonal protein band (spike) in the gamma region. Note
the lightness of the remainder of the gamma region due to
suppression of background immunoglobulins.

c. Large monoclonal protein band in the beta region. While distinct in
this example, many beta region spikes are difficult to distinguish
from background beta proteins, and therefore, quantitative
immunoglobulin measurement may be a more accurate way to
monitor such a paraprotein over time.
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monoclonal or polyclonal. Thus the test is only useful
when used in conjunction with SPEP and immunofix-
ation and when the monoclonal protein concentra-
tions exceed the upper limit of normal. It is
important to remember that the values obtained by
nephelometry and SPEP should not be considered
interchangeable when monitoring disease. As men-
tioned above, quantitative immunoglobulin determi-
nation can be particularly useful for monitoring
patients with IgA or IgM monoclonal proteins that
migrate into the beta region of an SPEP; nephelometry
is likely to provide a more consistent result compared
with SPEP in such instances. Quantitative immuno-
globulin analysis is also useful for assessing the degree
of background immunoglobulin suppression in an
individual with sizable monoclonal proteins.

Urine protein electrophoresis

Determination ofmonoclonal proteins in the urine can
serve as an adjunct in the evaluation of patients with
MM and associated disorders. Urine electrophoresis
can be performed and a 24-hour excretion of mono-
clonal protein calculated. The test is complicated by the
need to have a 24-hour urine collection by patients.
The future of this test is being challenged by the recent
availability of the serum free light chain assay for the
diagnosis and monitoring of MM. In addition to serv-
ing as a tool for quantification of monoclonal proteins,
urine protein electrophoresis can also measure
albuminuria. This is of help in cases of light chain-
associated amyloidosis-associated nephrotic syndrome
and to monitor for drug toxicity.

Serum free light chain assays

The serum free light chain assay (Freelite™) has revo-
lutionized the capacity to detect and monitor MM
protein [36,37]. The test measures epitopes not
exposed when the light chain is bound to heavy chains
and thus measures the free fraction of light chain
immunoglobulins. The smaller size of the free light
chain (also known as Bence Jones protein) makes
this free light chain small enough to be filtered at
the glomeruli and create hazards for renal health.
Determination of the concentration of the free light
chain serves as an adjunct in establishing risk for renal
damage in MM patients. Its sensitivity has also made a
diagnosis of true “non secretory MM” extremely rare.

Clearance of free light chains is mediated via the
kidney and elevation of their concentration is seen
in patients with renal disease. Monitoring the ratio

between kappa and lambda free light chains serves as
a useful adjunct to determine whether the observed
elevation is clonal or not; however, in most cases, this
is not difficult given the extreme variation (elevation) of
the associated monoclonal free light chain. Monitoring
the ratio thus becomes less relevant, and close attention
to the actual concentration of the monoclonal free light
chain is sufficient. New tests that measure the bound
heavy and light chains are being developed to be used
instead of some of the aforementioned tests.

Staging of multiple myeloma
Staging of MM has evolved over the years with most
classifications being mostly indicative of tumor burden.
For many years the disease has been classified using
the Durie–Salmon classification, which was primarily
aimed at determining tumor burden [38]. This classifi-
cation uses the combination of host and tumor features
such as the hemoglobin, serum calcium concentration,
concentration of the monoclonal proteins and presence
of radiological abnormalities (Table 12.4). The classifi-
cation was the hallmark for comparison of patients
enrolled in clinical trials but was limited in
its prognostic abilities, and difficult to remember. To
improve this the InternationalMyelomaWorking group
developed the International Staging System (ISS)
(Table 12.4) [39]. The ISS was developed as a meta-
analysis of over 10 000 patients treated with various
modalities and is solely based on the combination of
the β2-microglobulin and albumin levels [39]. It has
been extensively used since its publication and repre-
sents a practical way of estimating prognosis. It is worth
mentioning that despite the simplicity of the ISS classi-
fication it has been estimated that up to one-third of
MM patients do not have β2-microglobulin measured
at the time of diagnosis. It is important to note that as for
other bone marrow-based hematological malignancies,
the anatomic location is not relevant and hence does not
form part of routine staging; the only exception to this
may be solitary plasmacytomas. However, with sophis-
ticated testing it is increasingly clear that true isolated
plasmacytomas are rare, with most cases representing a
localized growth of otherwise disseminated clonal cells.

Risk stratification
Multiple approaches for risk stratification of MM have
been proposed, including the aforementioned ISS
classification [39]. Over the years most risk-stratified
approaches have incorporated genetic and genomic
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markers to identify groups of patients with dissimilar
outcomes [40]. Initially this included the incorpora-
tion of karyotypic abnormalities including any genetic
abnormality, deletion of chromosome 13 and hypodi-
ploidy. More recently risk stratification has incorpo-
rated FISH for t(4;14)(p16;q32), t(14;16)(q32;q23) and
deletions of chromosome 17 [40]. Globally these three
geneticmarkers have been proposed as good identifiers
of outcome and utilized in ongoing clinical trials [41].
Several groups have now highlighted the importance
of identifying these genetic subtypes associated with
prognosis for the long-term management planning of
patients.Whether these established genetic aberrations
remain prognostic with the incorporation of novel
therapies remains to be determined, and it seems that
bortezomib may overcome the prognostic significance
of some of these markers [41,42].

While these genetic features provide an approxi-
mation to predicted outcome a large proportion of
the clinical variability remains unaccounted for.
Gene expression profiling approaches and integrating
array-based comparative genomic hybridization have

been shown to further improve prognostic prediction
[16,43]. In time a simplified approach that is based on
integration of this information will allow a practical
scheme of determining prognosis for patients.

Response criteria in myeloma
Traditional response criteria in MM reflected the
limited treatments available. These were best repre-
sented by criteria such as those developed by cooper-
ative groups such as SWOG and ECOG [44]. More
recently the European Bone Marrow Transplant
registry developed criteria that encompassed deeper
responses attained with stem cell transplantation [45].
Subsequently the International Myeloma Working
Group developed response criteria and these are listed
in Table 12.5 [10]. These criteria define complete
response (CR), stringent CR (sCR), very good partial
response (VGPR), partial response (PR), stable disease
(SD) and progressive disease (PD). The definitions of
these will evolve over time, reflecting increased under-
standing of the disease.

Table 12.4. Multiple myeloma staging systems.

Stage Durie–Salmon staging [38] International Staging System [39]

I All of the following:
Hemoglobin >10 g/dL
Serum calcium normal (<12 mg/dL)
On roentgenogram, normal bone structure or
solitary bone plasmacytoma only
Low M-component production rates

IgG <5 g/dL
IgA <3 g/dL
Urine light chain M-component on

electrophoresis <4 g/24 h

β2-microglobulin <3.5 mg/L,
and albumin ≥3.5 g/dL

II Overall data as minimally abnormal as shown for
Stage I, and no single value as abnormal as defined
for stage III

All others

III One or more of the following:
Hemoglobin <8.5 g/dL
Serum calcium >12 mg/dL
Advanced lytic bone lesions
High M-component production rates
IgG >7 g/dL
IgA >5 g/dL
Urine light chain M-component on
electrophoresis >12 g/24 h

β2-microglobulin ≥5.5mg/dL

Subclassification
A = relatively normal renal function (serum
creatinine value <2.0mg/dL)
B = abnormal renal function (serum creatinine
≥2.0mg/dL)
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Disease monitoring
There is no standardized set of tests that must be per-
formed for the ongoing monitoring of MM during
therapy. Monoclonal protein levels, Ig quantitation
and serum free light chains should be performed at
regular intervals to assess therapeutic response.
Repeating bone marrow examinations is only needed
if uncertainty arises about disease response status and at
the time of relapse. In most centers a repeat bone
marrow examination is performed at day 100 post
autologous stem cell transplant to assess the extent of
response. In responding patients, including those who
have completed stem cell transplant, monitoring is usu-
ally done every 2–3 months with laboratory tests alone.

Monoclonal gammopathy of
undetermined significance and
smoldering multiple myeloma

Diagnostic features
Monoclonal gammopathy of undetermined signifi-
cance: Monoclonal gammopathy of undetermined

significance (MGUS) is defined by the presence of a
monoclonal protein (<30 g/L), a clonal bone marrow
plasmacytosis (<10%) and no end-organ damage. The
blood count is normal but there may be rouleaux as
a result of the monoclonal protein. The plasma cells
in the marrow may be cytologically normal or show
atypical features as seen in MM. In the bone marrow
trephine the plasma cells may be present in small
clusters or interstitial foci and these can be highlighted
with CD138 immunocytochemistry (Figure 12.12).
The monoclonal protein is most commonly IgG and
there is a normal concentration of the other immuno-
globulins. The phenotype of the neoplastic plasma cells
in MGUS resembles that of MM (CD19-negative,
CD56-positive, cytoplasmic kappa or lambda restricted
expression). However, in contrast to MM, there are
usually residual normal polyclonal plasma cells
(CD19-positive, CD56-negative) in the marrow. The
same cytogenetic abnormalities as seen in MM can be
detected in MGUS.

Smoldering multiple myeloma: Smoldering multiple
myeloma (SMM) meets the diagnostic criteria of MM

Table 12.5. International Myeloma Working Group response criteria in multiple myeloma
(adapted from [10]).

Response category Response criteria

Stringent CR CR as defined below plus:
Normal FLC ratio and
Absence of clonal cells in bone marrow by immunocytochemistry or
immunofluorescence

CR Negative immunofixation on the serum and urine and disappearance of any
soft tissue plasmacytomas and <5% plasma cells in bone marrow

VGPR Serum and urine M-protein detectable by immunofixation but not on
electrophoresis or 90% or greater reduction in serum M-protein plus urine
M-protein level <100mg per 24 h

PR ≥50% reduction of serum M-protein and reduction in 24-h urinary
M-protein by ≥90% or to <200 mg per 24 h.
If the serum and urine M-protein are unmeasurable, a ≥50% decrease in
the difference between involved and uninvolved FLC levels is required
in place of the M-protein criteria.
If serum and urine M-protein are unmeasurable, and serum free light assay
is also unmeasurable, ≥50% reduction in plasma cells is required in place
of M-protein, provided baseline bone marrow plasma cell percentage was ≥30%
In addition to the above listed criteria, if present at baseline, a ≥50%
reduction in the size of soft tissue plasmacytomas is also required

Stable disease Not meeting criteria for CR, VGPR, PR or progressive disease

CR = Complete response; PR = Partial response; VGPR = Very good partial response; FLC = Free light chain.
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but is asymptomatic and there is no organ-related
damage. The number of plasma cells is generally
10–20%, higher than MGUS.

Traditionally obtaining a BM sample to evaluate a
patient with MGUS or SMM had been considered dis-
pensable. It has now become apparent that bone mar-
row examination is required to distinguish between
MGUS and SMM as this cannot be done with other
laboratory tests [7]. The distinction between MGUS
and SMM is important due to the much higher risk
of progression to MM from SMM [7]. It is therefore
recommended that any patient with a life expectancy of
5 years or more should have a BM sample obtained for
analysis. The finding of SMM should prompt further
evaluation for sentinel signs of possible progression
to MM. It is recommended that patients with SMM
be evaluated more frequently than those with MGUS.
Since progression to MM can occur via renal failure
or catastrophic bone fractures careful monitoring is
recommended.

Diagnostic differences between
MGUS/SMM and MM
The pathological features of MGUS/SMM and MM
are the same. The only distinguishing feature is the
percent bone marrow plasmacytosis [7]. The other
laboratory features are less valuable distinguishing
between MGUS/SMM and MM, as follows:

1. Plasma cell proliferation rates: these are higher in
MM than in MGUS/SMM but this test is not used
routinely in clinical practice [46].

2. Flow cytometry: incapable of separating between
the entities as the neoplastic plasma cell phenotype
(CD19-negative; CD56-positive; cytoplasmic light
chain restriction) is seen in both MGUS/SMM
and MM.

3. Genetics: the same genetic features are observed
in both MM and MGUS/SMM and therefore
cannot be used to differentiate between these
entities [47,48]. Accordingly initiation of therapy
should not be based solely on detection of these
genetic aberrations. The only aberrations which
are seen in MM and not in MGUS, are
chromosome 17 deletions. Since deletions of 17p
are a strong predictor of poor survival, MGUS/
SMM patients with this genetic abnormality
should be monitored for possible evolution to
active MM.

Risk of progression of MGUS/SMM to MM
The risk of progression from MGUS to MM is much
lower than for SMM. The risk for progression for
MGUS is estimated at 1% per year and is fixed, and
overall 25% at 25 years. For SMM the risk is 10% per
year for the first 5 years, 3% per year for the next 5
years and then drops to 1% per year as in MGUS [7]
giving an overall risk of progression of nearly 70% at
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Figure 12.12. Monoclonal gammopathy of undetermined significance.
a. There is a low level plasmacytosis in the bone marrow trephine (approximately 10% of cells). These can be difficult to detect on hematoxylin
and eosin staining.

b. CD138 immunoperoxidase staining highlights the bone marrow plasmacytosis. The plasma cells are present in small clusters and as
single cells.
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10 years. The risk of progression from MGUS to MM
is largely determined by biology, with features such as:

1. Lower risk for IgG proteins than others.
2. Tumor burden, e.g. elevated free light chains or

higher concentration of serum monoclonal
proteins [49].

3. Number of clonal plasma cells (versus polyclonal
plasma cells) can be used to estimate risk of
progression for SMM [50].

Plasma cell leukemia
Plasma cell leukemia (PCL) is the most aggressive
plasma cell neoplasm. It is manifest by the presence
of circulating plasma cells making up ≥20% of total
leukocytes in the peripheral blood or an absolute
peripheral plasmacytosis of ≥2 ×109/L (Figure 12.13)
[51]. The circulating plasma cells can show a wide
range of cytological features such as mature-appearing
and bland or plasmablastic. The latter may be mis-
taken for myeloblasts, especially in heavily treated
patients where the differential diagnosis includes
therapy-related myelodysplastic syndrome or acute
myeloid leukemia. It should be noted that plasma
cells cannot be specifically identified by automated
hematology analyzers, and that identification and
quantitation of circulating plasma cells must be done
through morphological review of the peripheral blood
smear. There are two types of plasma cell leukemia:

1. Primary (pPCL) arises de novo with no preceding
history of MM. Rouleaux is less common and the

plasma cell morphology can be more
heterogeneous.

2. Secondary (sPCL) arises in the context of pre-
existing MM [51,52]. sPCL is the most extreme
manifestation of extramedullary MM. Patients
tend to also have extensive involvement of the
bone marrow and can have deposits at other sites
such as the liver or spleen when thoroughly
evaluated.

At the genetic level most pPCL is composed of MM
cells with IgH translocations, particularly with t(11;14)
(q13;q32) [52,53]. sPCL can have any of the genetic
aberrations observed in MM including hyperdiploidy
[52]. A large fraction of patients exhibit abnormalities
of the genes of the p53 pathway (deletion/mutation)
[52]. In agreement with previously noted associations
of these genetic features with the monoclonal protein
type, there is a predilection for IgG lambda or lambda-
alone disease [53]. The immunophenotype of the neo-
plastic plasma cells tends to lack aberrant expression of
the cell surface marker CD56 seen in MM [52,54].

Waldenström macroglobulinemia
Waldenström macroglobulinemia (WM), also known
as lymphoplasmacytic lymphoma (LPL), is a late B-cell
neoplasm that shares features with MM [55]. The neo-
plastic cells produce a monoclonal protein which
is usually of the IgM type [55]. This is a fundamental
difference from MM and occurs because the mono-
clonal cells have expanded before heavy chain switch-
ing (“pre-switch”); therefore, the malignancy while
related to MM is ontologically different. Accordingly
the biology of the disease is different from MM and
more akin to other late B-cell neoplasms like chronic
lymphocytic leukemia/small lymphocytic lymphoma.

Diagnostic features
The clinical and pathological findings of WM are
varied and there is no specific or pathognomonic fea-
ture [56]. Hyperviscosity and organomegaly are com-
mon and the concentration of the IgM paraprotein can
be high.

Morphology of blood and bone marrow
The blood count and film show anemia and rouleaux
and there may be a lymphocytosis (Figure 12.14). The
circulating lymphocytes are predominantly small and
mature and some show plasmacytoid features (eccentricFigure 12.13. Blood film of a case of primary plasma cell leukemia.
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nuclei, basophilic cytoplasm and Golgi zone). The bone
marrow is infiltrated by lymphocytes, lymphoplasma-
cytoid cells and plasma cells; there is commonly a
reactive mast cell infiltrate with normal morphology.
In the bone marrow trephine the infiltrate may be
interstitial or nodular. Dutcher bodies may be present.

Most cases of WM therefore have the morphology
of lymphoplasmacytic lymphoma (LPL), although
some can have the morphology of extranodal marginal
zone lymphoma. While these two B-cell lymphomas
are distinct entities, they share some common mor-
phological features including the presence of a
heterogeneous population of small lymphocytes,
plasmacytoid lymphocytes, and plasma cells, which

are sometimes clonal (particularly in LPL) [57].
Lymphoplasmacytic lymphoma is the most common
pathological designation for WM involving primarily
the bone marrow [56].

Immunophenotype
The phenotype of WM is that of a mature B-cell
lymphoma that typically expresses the B-cell antigens
CD19, CD20, CD79a with surface immunoglobulin
(IgM, without IgD) and light chain restriction. The
cells may be CD38 positive but typically do not express
CD5 (helping to distinguish them from CLL/SLL and
mantle cell lymphoma) or CD10 antigens (helping to
distinguish them from germinal center cell lymphomas
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Figure 12.14. Waldenström macroglobulinemia (lymphoplasmacytic lymphoma).
a. Blood film showing rouleaux, background protein staining and lymphoplasmacytoid cells.
b. Bone marrow aspirate showing the infiltrate comprised predominantly of lymphocytes, with admixed lymphoplasmacytic cells
and plasma cells.

c. Mast cells with normal morphology are commonly increased in the bone marrow.
d. Bone marrow trephine biopsy showing the lymphocytes, lymphoplasmacytic cells and plasma cells.
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such as follicular lymphoma) [56]. CD11c, CD25 and
CD103 are also negative. Expression of plasmacytic
markers (CD38 and CD138) is common in the plasma
cell component of WM lymphomas.

A subset of MM patients has bone marrow mor-
phology that mimics WM/LPL (small lymphoplasma-
cytoid cells), and this may potentially lead to an
erroneous diagnosis of B-cell lymphoma. So-called
LPL-like MM can be distinguished from LPL in most
cases through the use of flow cytometry, cyclin D1
immunohistochemistry, and FISH for t(11;14). The
distinction can be made as follows:

1. True LPL: dominant CD20-positive B-cell clone by
flow cytometry, cyclin D1-negative and t(11;14)-
negative (see Figure 12.10).

2.MM with LPL-like features: major clonal plasma
cell population that is CD138-positive, cyclin D1-
positive. t(11;14) is detectable by interphase
FICTION (immunoFISH) performed on
cytoplasmic immunoglobulin-selected plasma
cells. The small plasmacytoid cells may be CD20-
positive.

Genetics
The genetic nature of WM is different from that of
MM in that none of the typical MM genetic aberra-
tions such as IgH translocations or hyperdiploidy
are observed [28,58,59]. In some rare instances secon-
dary MM associated changes can also be detected in
WM; these include abnormalities of chromosome 13
or deletion of 17p13 [28,58,59]. The most common
genetic aberration in WM is loss of the long arm of
chromosome 6 [28,58,59]. While this is a lesion which
is also detected in many other B-cell neoplasms the
frequency is higher in WM, approaching 50%. Recent
discoveries have shown that genes implicated in con-
stitutive genetic activation of the NF-kB pathway are
also common in WM [60]. There is no evidence to
suggest clinical utility of these markers, but it appears
that cases with 6q deletions represent more advanced
disease [61].
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13 Chronic myeloid leukemia
Emma J. Gudgin and Brian Huntly

Introduction
Chronic myeloid leukemia (CML) (named “chronic
myelogenous leukemia, BCR-ABL1 positive” in the
WHO Classification) is a clonal myeloproliferative dis-
ease of hematopoietic stem cells. It is caused by a
characteristic cytogenetic abnormality, the Philadephia
chromosome (Ph), which results from a reciprocal
translocation between the long arms of chromosomes
9 and 22 (Figure 13.1) [1]. This translocation results in
the transfer of the Abelson (ABL1) proto-oncogene on
chromosome 9 to an area of chromosome 22 termed
the breakpoint cluster region (BCR), containing the
BCR gene, thereby generating the BCR-ABL1 fusion
oncogene [2]. This produces an abnormal tyrosine kin-
ase protein that causes the disordered myelopoiesis
found in CML [3]. Work over the past 30 years on the

pathogenesis of CML has led to a rationally designed
therapy and the development of targeted tyrosine kinase
inhibitors such as imatinib mesylate [4–8]. This agent,
which first came into clinical use in 1998, has revolu-
tionized the treatment of CML. Imatinib works as a
competitive inhibitor of binding at the ABL1 kinase
domainATP pocket, binds to the inactive conformation
of BCR-ABL1 and causes subsequent cell death.

The incidence of CML is 1–1.5 cases/100 000 per
year, and accounts for approximately 15% of all leu-
kemias [9]. The median age of diagnosis is 45–55 years
[10], although CML can occur at any age, and there is a
slightly higher incidence in men [11]. Although the
molecular pathogenesis is well defined, the cause of
the chromosomal translocation is not known. There is
a slight increased risk with radiation exposure but no
other risk factors have been identified [12].

Chronic myeloid leukemia is divided into three
phases. The initial phase is the relatively indolent
chronic phase (CP), which if untreated has a median
duration of 3–5 years. This is followed by the aggressive
advanced phases of the disease, divided into accelerated
phase (AP) and blast phase; the latter is an acute leuke-
mia, and is further characterized by a block in differ-
entiation. The vast majority of patients present in
chronic phase, many as an incidental finding on a full
blood count. Common presenting features include
fatigue, weight loss, night sweats, mild anemia and
symptoms relating to splenomegaly resulting from
extramedullary hematopoiesis. A minority of patients
are diagnosed with advanced phases of the disease with-
out any history of antecedent CP. Symptoms here usu-
ally relate to more severe anemia, thrombocytopenia
and splenomegaly. It is likely that imatinib has changed
the natural history of the disease and appears to have
the majority of its effect by prolonging CP, however,
how long this will be on average remains to be seen.

Figure 13.1. The Philadelphia chromosome. The majority of the
ABL1 gene (red) on chromosome 9 (blue) is translocated into the BCR
locus (green) on chromosome 22 (yellow), to form the BCR-ABL1
fusion oncogene (see Figure 13.4 for molecular resolution).
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Diagnosis of chronic myeloid
leukemia

Chronic myeloid leukemia, chronic phase
Blood and bone marrow morphology: The majority of
patients with CML are diagnosed in chronic phase
(CP). The diagnosis is initially made on the character-
istic blood count and film appearances (Table 13.1 and
Figure 13.2a, b). The major blood film abnormalities
are a neutrophil leukocytosis with granulocytic pro-
genitors at all stages of differentiation being present.
There is a bimodal peak of myelocytes and mature
neutrophils. There is a basophilia but the basophils
can sometimes be difficult to identify as they are
commonly hypogranular. A mild eosinophilia, fre-
quently showing basophilic as well as eosinophilic
granules (“baso-eosinophils”) and monocytosis are
common; there is no dysplasia. Blast cells are usually
present but account for less than 5% of leukocytes in

chronic phase. The red cells are normochromic and
normocytic. The platelet count may be normal or
there may be thrombocytosis; thrombocytopenia is
uncommon.

The bone marrow is markedly hypercellular
due to granulocytic hyperplasia but with normal
differentiation. Eosinophils and basophils are prom-
inent and erythropoiesis appears relatively reduced.
The megakaryocytes are distinctive in CML: they
are smaller than normal and the nuclei are hypolo-
bated (mono- or bi-lobed nuclei are a feature). Sea-
blue histiocytes, indicating long-standing granulo-
cytic hyperplasia, and pseudo-Gaucher cells may be
present. Bone marrow trephine features include
granulocytic hyperplasia, a thickened paratrabecular
cuff of immature granulocytic progenitors and
megakaryocytic hyperplasia with the distinctive
“dwarf” morphology (Figure 13.2c, d). Small clus-
ters of interstitial immature cells may be present
even in chronic phase. It is however not essential

Table 13.1. Blood, bonemarrow aspirate and trephine biopsy features of chronic myeloid leukemia in chronic
phase.

Quantitative features Qualitative features

Leukocyte count Leukocytosis up to 1000 ×
109/L, median 100 × 109/L
Blasts usually < 2%
Basophilia
Eosinophilia (common)
Monocytosis (mild)

All stages of granulocytic
development present in the
blood
Mature neutrophils and
myelocytes predominate
(bimodal peak)
Eosinophils with basophilic
granules

Hemoglobin Low or normal
Rarely increased

Platelets Normal or raised (upto 1000 × 109/L)

BM aspirate and trephine Greatly increased cellularity

BM granulopoiesis Marked granulocytic hyperplasia
Blasts usually <5%

Thick paratrabecular cuff of
immature granulocytes
Small interstitial islands of
blast cells may be present

BM megakaryocytes Megakaryocytes may be reduced,
normal or increased

Small, hypolobated “dwarf”
or “micro” megakaryocytes
may be prominent
Increased megakaryocytes may
be associated with moderate
to severe fibrosis

BM erythropoiesis Relatively reduced Normoblastic

Other BM features Sea-blue histiocytes (occasional)
Pseudo-Gaucher cells (rare)
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to perform a bone marrow trephine at diagnosis of
CML although it can give a useful baseline of disease
status.

Immunophenotyping: Immunophenotyping does not
have a routine role in the diagnosis of CML.
However, phenotypic assessment of blast cells may
be useful where these constitute more than 5% of
nucleated cells. Immunocytochemistry can be used
to determine the phenotype of nodular aggregates of
interstitial blast cells in bone marrow trephine
biopsies.

Cytogenetics: Confirmation of the diagnosis of
CML is obtained by identification of the Philadelphia
(Ph) chromosome. This can be performed by karyo-
typic analysis of metaphase cells from bone marrow,
as shown in Figure 13.3a (using Giemsa or
G-banding), or detection of the BCR-ABL1 fusion
by fluorescence in situ hybridization (FISH) on
interphase cells (Figure 13.3b) from peripheral
blood or bone marrow. Ideally, both karyotyping
and FISH should be performed at diagnosis. Full
karyotypic analysis is necessary to look for further
chromosomal abnormalities that may be present at

ba

dc

Figure 13.2. Morphology of chronic myeloid leukemia.
a. Peripheral blood smear of chronic phase CML, hematoxylin and eosin (H&E), 100×.
b. Bone marrow aspirate showing small hypolobular megakaryocytes, H&E, 100×.
c. Bone marrow trephine biopsy showing granulocytic hyperplasia. There is a thickened paratrabecular cuff of early myeloid precursors.
d. High power view of the bone marrow trephine showing megakaryocytic hyperplasia with “dwarf” (small) forms and hypolobated
nuclei.
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diagnosis; more commonly these occur in, and
help to define, advanced stage disease. In less than
5% of cases the Ph chromosome is not detectable by
Giemsa banding; however, in the majority of these
the BCR-ABL1 fusion is detectable by FISH
(Figure 13.4). Cases that lack a classical Ph chromo-
some may still rearrange a BCR-ABL1 oncogene,
either through insertion of 5’ BCR into the ABL1
locus on chromosome 9, or 3’ ABL1 into the BCR
locus on chromosome 22. There may also be a

variant translocation involving other chromosomes
in addition to 9 and 22. In the former case the
change in size of chromosomes 9 and 22
is minimal and the karyotype appears normal. In
the latter the most obvious karyotypic change may
not involve chromosomes 9 and/or 22. FISH with
probes for the ABL1 and BCR loci is therefore very
helpful in this situation. FISH is also important for
detecting abnormal chromosomal deletions, e.g.
deletion of the reciprocal translocation ABL1-BCR

a

1 2 3 4 5

109876

13 14 15 16 17 18

YX22212019

11 12

b

Figure 13.3. a. Karyotype showing the Philadelphia chromosome t(9;22) derivative
chromosome 22 (red arrow), and the derivative chromosome 9 (blue arrow).
b. Dual color FISH of chronic phase CML, showing one normal ABL1 signal on
chromosome 9 (single red signal), one normal BCR signal on chromosome 22 (single
green signal) and two fusion signals (red, green and yellow fused signals) one from
ABL1-BCR on chromosome 9 and the other from BCR-ABL1 on chromosome 22.
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on chromosome 9q, which may be present at
diagnosis.

Molecular genetics: BCR-ABL1 transcripts can also be
detected by polymerase chain reaction (PCR) techni-
ques (see Chapter 5 for details). Both qualitative
reverse transcriptase-PCR and quantitative real-time
PCR (qRT-PCR) can be used at diagnosis. qRT-PCR is
preferable as it gives a baseline against which compar-
isons can be made when used for molecular monitor-
ing of therapy. However, the sensitivity of detection of
BCR-ABL1 can vary significantly between samples.
This may be due to:

1. Differences in the amount of sample mRNA
extracted.

2. Integrity of the RNA.
3. Efficiency with which the RNA is reverse

transcribed into cDNA.

Therefore, to allow reproducibility between samples at
different time points, a ratio is calculated: the level of
BCR-ABL1 cDNA in the sample is related to the level
of cDNA of another constitutively expressed “house-
keeping” gene, which ideally is expressed at the same
or similar level in leukemic and normal cells. This
allows for differences in the amount and quality of

a

1 2 3 4 5

109876

13 14 15 16 17 18

YX22212019

1211

b

Figure 13.4. “Masked” Philadelphia translocation.
a. Apparently normal karyotype.
b. FISH showing abnormal chromosome 22 (green, yellow and red
conjoined signals).
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the mRNA to be accounted for. There is ongoing
debate about the most appropriate control gene that
should be used. ABL1 is used in most laboratories,
although others such as BCR and β2microglobulin
have been proposed [13].

The breakpoints within the BCR gene occur in
three main regions (Figure 13.4). The commonest
is the major breakpoint cluster region, or M-BCR,
within a 5.8 kb area spanning BCR exons e12–e16
(previously referred to as exons b1–b5); due to
alternative splicing either e13 or e14 fusion mRNA
may be produced. Translocations involving the
M-BCR, minor breakpoint cluster region (m-BCR)
and the μ-BCR give rise to BCR-ABL1 mRNA tran-
scripts of different lengths (Figure 13.5). The ABL1
portion is fairly constant, although breakpoints in
ABL1 can occur anywhere over a large (greater than
300 kb) area at its 5’ end. Wherever the breakpoint
in ABL1, the mRNA transcribed is virtually always
BCR joined to ABL1 exon a2, although rare excep-
tions do exist. Most patients with CML, and approx-
imately one third of patients with Ph-positive acute
lymphoblastic leukemia (ALL), have breakpoints in
the M-BCR. This results in the generation of e13a2
or e14a2 transcripts which are translated to a 210
kDa chimeric protein, P210. In the majority of
patients with Ph-positive ALL, the e1a2 transcript

is formed, which produces a 190 kDa fusion protein
P190. Due to alternative splicing, a small amount of
P190 may be found in over 90% of CML patients
[14]. P190 is also the main abnormal fusion protein
produced in a small number of CML patients, who
have increased monocytes, which may resemble
chronic myelomonocytic leukemia; this suggests
that the site of the breakpoint can influence the
phenotype of the disease [15,16]. In keeping with
this, the rare P230 fusion protein is particularly
associated with increased neutrophils, resembling
chronic neutrophilic leukemia [17].

In a small number of patients with the clinical
features of CML, no Ph chromosome or BCR-ABL1
rearrangement or transcripts can be detected. These
patients are referred to as Ph-negative, BCR-ABL1-
negative or “Atypical CML, BCR-ABL1-negative” and
are now considered to be a separate disease entity,
due to obvious differences in biology. They usually
do not fit the standard morphological pattern, typi-
cally showing less basophilia, a less pronounced
excess of myelocytes and neutrophils and a degree
of dysplasia. A minority may have other kinase fusion
proteins, which may be imatinib sensitive, such as
FIP1L1-PDGRFα or β. In such patients, full karyo-
typing and molecular investigation for potential
imatinib-sensitive alternative kinase fusions should

Figure 13.5. Representation of the BCR and ABL1 loci at the molecular level, showing the major, minor and μ breakpoint sites. Exons are
represented as filled boxes, and introns as lines. The insert shows the three main fusion mRNA transcribed: e1a2, e14a2 or e13a2 and e19a2 are
translated to P190, P210 and P230 respectively. The different mRNA lengths are visualized by running on a 1% agarose gel containing ethidium
bromide.
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be performed. Atypical CML, BCR-ABL1 negative is
discussed further in Chapter 15.

Accelerated and blast phase
Patients known to have CML may develop clinical
features suggesting advancing disease in addition to
splenomegaly, such as bone pain, weight loss and night
sweats. The World Health Organization defines accel-
erated phase (AP) disease as the presence of one or
more of the following [9]:

1. Myeloblasts making up 10–19% of nucleated cells
in the blood or bone marrow.

2. Basophils comprising ≥20% of the peripheral
blood leukocyte count.

3. Cytogenetic evidence of clonal evolution.
4. Platelets persistently ≤100 × 109/L or ≥ 1000 ×

109/L despite appropriate CML therapy.
5. Increasing splenomegaly and increasing leukocyte

count despite appropriate CML therapy.

In addition to the WHO, there are several other
classification systems for the definition of the differ-
ent phases of CML. The European Leukaemia
Network expert panel criteria [18], which are also
widely used, does not classify cytogenetic evidence
of clonal evolution as defining AP in the absence of
other features of disease progression. Other features
that are suggestive, but not diagnostic of disease
that is progressing to AP include the development
of marked dysgranulopoiesis or bone marrow
fibrosis.

A peripheral blood blast count of ≥ 20%, defines
blast phase (BP), or blast crisis, and clinically is
considered an acute leukemia. Other diagnostic fea-
tures of blast phase are the presence of large inter-
stitial nodular aggregates of blast cells in the bone
marrow trephine biopsy and an extramedullary blast
cell proliferation. In approximately 75% of cases the
blast cells are of myeloid lineage, and may include
blasts of the basophil, eosinophil and megakaryocyte
lineages. In the remaining 25% the blast cells are
lymphoid in origin, most commonly of B-cell line-
age. Expression of aberrant lineage markers is not
uncommon, but true bilineage transformation is
rare.

Prognosis and risk stratification
Several prognostic factors can be identified at diag-
nosis, the most important of which is the phase of

disease. In CP, other clinical and laboratory infor-
mation obtained prior to treatment may be used to
generate a prognostic score, as devised by Sokal [19]
or Hasford [20] (Table 13.2). These utilize patient
age, spleen size and blood count parameters to
stratify patients into risk groups with both scoring
systems dividing patients into low-, intermediate- or
high-risk disease. Although devised for patients
treated with interferon-α and hydroxycarbamide,
both scoring systems can be used to predict the
cytogenetic response to standard dose imatinib
[21,22]. The Sokal score has been reported to also
predict major molecular responses and overall sur-
vival (OS) in imatinib-treated patients [23]. Other
factors such as a high initial BCR-ABL1 expression
level, and baseline cytogenetic changes such as addi-
tional copies of the Ph chromosome may be associated
with an adverse prognosis [23]. The European
Leukaemia Network [18] have described “warning
features”:

1. At diagnosis:
a. High-risk Sokal or Hasford score

(Table 13.2)
b. Additional cytogenetic abnormalities (ACA) in

Ph-positive cells
2. At 12 months: less than major molecular

response
3. At any time:

a. Any sustained rise in transcript level
b. Other cytogenetic abnormalities (OCA) in Ph-

positive cells

These merit more stringent response monitoring,
however it should be noted that these characteristics
have not been formally demonstrated to alter progno-
sis in patients treated up-front with tyrosine kinase
inhibitors.

Following the initiation of treatment, the level
and timing of hematological, cytogenetic and molec-
ular responses to therapy also strongly predict
response (Tables 13.3 and 13.4); early cytogenetic
response is the most important of these parameters
in response prediction [24–26]. Minimal residual
disease is most accurately measured by BCR-ABL1
transcript levels. Undetectable BCR-ABL1 transcripts
are associated with better progression-free survival,
whereas a documented and sustained rise in tran-
script level is associated with loss of response to
therapy.
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Treatment
Patients presenting with CML in chronic phase are
initially treated with imatinib. This has become the
standard of care since the landmark International
Randomized Study of Interferon and STI571 (IRIS)
trial [6] which randomized over 1000 early CP CML
patients between imatinib (previously known as
STI571) and interferon-α. After 5 years of follow-up,
the imatinib group showed the following responses,
as defined in Table 13.5:

1. Hematological remission rate: 98%.
2. Major cytogenetic remission rate: 92%.
3. Complete cytogenetic remission rate: 87%.
4. Progression-free survival (PFS): 84% [24].

As the majority of interferon-α patients crossed
over into the imatinib treatment group, overall sur-
vival differences were difficult to demonstrate in this
trial, but retrospective analyses show a clear overall
survival benefit [27,28]. Similar results to the IRIS trial
were obtained from two other single institution studies
[29,30]. The results from these trials may however
represent the best results achievable as the patients in
these studies may not have been representative of the
CML population as a whole. A population-based study
showed a significantly worse level of response for all
criteria [31], more in keeping with individual center

Table 13.2. Sokal and Hasford prognostic scoring systems (Online calculator available at http://www.icsg.unibo.it/rrcalc.asp).

Sokal score Hasford score

Age 0.0116 (age – 43.4 years) 0.6666 if age ≥ 50 years

Spleen size (cm below costal margin) 0.0345 (spleen size – 7.51) 0.042 × spleen size

Platelet count × 109/L 0.188 [(platelets/700)2 – 0.563] 1.0956 if platelets ≥ 1500 109/L

PB blasts, % 0.0887 (blasts – 2.1) 0.0584 × myeloblasts

PB basophils, % 0.20399 when basophils > 3%

PB eosinophils, % 0.0413 × eosinophils

Relative risk Score = Exponential of total of above scores Score = total of above scores × 100

Low risk <0.8 ≤780

Intermediate risk 0.8–1.2 781–1480

High risk >1.2 >1480

Table 13.3. European Group for Blood and Marrow
Transplantation (EBMT) allogeneic transplantation risk score [39].

Prognostic
factors

Score

Donor HLA identical
sibling
Other

0

1

Stage First chronic phase
Accelerated phase
Blast crisis

0
1
2

Age < 20
20–40
> 40

0
1
2

Sex match Male recipient/
female donor
Any other
combination

1

1

Time from diagnosis to
transplantation

< 12 months
> 12 months

0
1

Table 13.4. European Group for Blood and Marrow
Transplantation (EBMT) data for outcome of allogeneic
hematopoietic stem cell transplantation for CML at 2 years in
patients transplanted between 2000–2003: survival, transplant-
related mortality and relapse.

EBMT
risk
score

2-year
survival

Transplant-
related
mortality

Relapse
incidence

0–1 80% 17% 16%

2–4 60% 32% 22%

>4 38% 41% 31%
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practice. The current “gold standard” for CML patients
presenting in CP is to treat with imatinib 400 mg/day.
However, even is being challenged in prospective clin-
ical trials assessing higher doses of imatinib [32,33] and
newer second generation kinase inhibitors in compar-
ison to imatinib [34,35].

Although imatinib treatment has already sur-
passed initial expectations, the long-term outcome of
this therapy is not yet fully known, and treatment
failures and resistance do occur. Overall in both IRIS
and another recent study, approximately one-third
of patients had discontinued imatinib treatment due
to drug intolerance or, more commonly, treatment
failure or the development of resistance after an initial
response [36]. Such resistance is multi-factorial, with
the most important factors likely to be:

1. Development of BCR-ABL1 kinase domain
mutations which interfere with imatinib binding
or the conformation of BCR-ABL1.

2. Clonal evolution leading to BCR-ABL1 over-
expression and activation of alternative oncogenic
pathways.

3. Multidrug resistance gene expression resulting in
reduced intracellular concentrations of imatinib
may also play a role [37].

Disease monitoring
Laboratory monitoring of hematological, cytogen-
etic and molecular responses is essential in guiding
therapeutic decisions in CP CML (Figure 13.6). The
type and frequency of disease monitoring (discussed
in the next section) reflect therapeutic response
with more frequent monitoring recommended for
patients with “warning” features. Other treatment

options are considered in cases of excessive toxicity,
or failure or suboptimal response as described in
Figure 13.7.

The most appropriate therapy for patients failing
imatinib is not yet fully clear, with several available
options. The optimal therapy will depend on patient
age and allogeneic stem cell donor availability. Second
generation kinase inhibitors and other targeted thera-
pies are in clinical use or in development. These agents
can overcome themajority of kinase domainmutations;
dose escalation of imatinibmay also be beneficial in this
situation. Allogeneic stem cell transplantation (SCT)
provides long-term, disease-free survival in approxi-
mately 50% of eligible patients treated in CP [38], but
at the risk of major toxicity and mortality (Tables 13.3
and 13.4). The European Group for Blood and Marrow
Transplantation (EBMT) is a large registry which col-
lates survival data from a large number of patients
undergoing stem cell transplantation procedures. Data
registry has demonstrated that survival post stem cell
transplant depends on five main factors, as listed in
Table 13.3 [39]. An EBMT allogeneic transplantation
risk scoring system was devised based on these data;
a score of 7 carries the highest risk of death, and 0 the
lowest. This is illustrated in Table 13.4, which shows
the EBMT outcome data for CML patients at 2 years
following allogeneic transplantation based on the
EBMT score. The use of reduced intensity conditioning
regimes to decrease treatment-related toxicity may
improve outcomes and allow transplantation in older
patients with higher EBMT scores [40]; however, cur-
rently its scope remains experimental. Classical cyto-
toxic drugs such as hydroxycarbamide may also be
used, but would only control the WCC, and other
experimental agents may be considered [41].

Table 13.5. European Leukaemia Network (ELN) definitions of hematological, cytogenetic and molecular responses.

Complete hematological response Cytogenetic response (CgR) Molecular response (MolR)

WCC < 10 × 109/L % of Ph+ cells: Complete (CMolR):

Platelet count < 450 × 109/L Complete (CCgR): 0% No detectable BCR-ABL transcripts

No immature granulocytes in PB Partial (PCgR): 1–35%

Basophils < 5% of blood leukocytes Minor (MCgR): 36–65% Major (MMolR):

No palpable splenomegaly Minimum (minCgR): 66–95% BCR-ABL: control gene ratio < 0.1

None: > 95%
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Figure 13.6. Diagnostic and monitoring tests for patients presenting with chronic phase CML. FISH and karyotyping should be
performed on BM and qRT-PCR on peripheral blood. At any time, if qRT-PCR shows an increase in the level of BCR-ABL1 transcripts, this
should be repeated immediately. An obviously rising transcript level is an indication for a bone marrow aspirate, FISH and full
karyotype, to assess phase of disease, cytogenetic relapse and to look for ACA. In addition tyrosine kinase mutation screening should
also be performed at this time.

Figure 13.7. Approximate relationship between response, the putative number of leukemic cells and the level of BCR-ABL1 transcripts.
Possible monitoring methods are depicted on the right of the figure.
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Monitoring of chronic phase CML
It has long been established that there is a correla-
tion between a reduction in disease “bulk” and
progression-free survival (PFS) and OS in CML.
However, previous non-transplant treatments have
been largely ineffective in producing deep and sus-
tained cytogenetic and molecular responses. The
advent of tyrosine kinase inhibitor therapy has
resulted in excellent cytogenetic and molecular
responses being achieved routinely. This has resulted
in new approaches to quantify disease response.
Patients treated with imatinib show a marked vari-
ation in the speed of response, and the level to
which the leukemic cells are reduced (Figure 13.7).
Closely monitoring response to treatment is there-
fore important because the depth to which the leu-
kemia burden is reduced correlates with a reduced
incidence of progression to advanced phase disease
[42]. Also patients who respond poorly, or
who lose a previous response may be rapidly identi-
fied and alternative therapeutic strategies considered.
The European Leukaemia Network [18] has defined
response criteria, as outlined in Table 13.5. The
definitions of “failure” and “suboptimal” responses
to therapy are illustrated in Figure 13.8.

1. If only a sub-optimal response is achieved the
patient should be offered other treatments
whenever available.

2. In failure of imatinib therapy the long-term
treatment outcome from continuing imatinib is
not likely to be ideal. Other treatments should
be considered.

Hematological monitoring: In a newly diagnosed CP
CML patient, hematological response to imatinib
should be assessed by performing a blood count as
follows:

1. Fortnightly until complete hematological response
(CHR) is achieved and confirmed, and,

2. Every 3 months, unless otherwise required.

The value of regular monitoring of bone marrow
aspirate and trephine biopsy appearances is deba-
table. A bone marrow morphological scoring sys-
tem has been devised for disease monitoring which
strongly correlates with complete cytogenetic
response [43]. Persistent high-level morphological
abnormalities early on herald a high likelihood of
treatment failure.

Cytogenetic monitoring: Cytogenetic response should
be assessed as follows:

1. At 3 and 6 months [18];
2. Then every 6 months until complete cytogenetic

remission (CCgR) is achieved and confirmed;
3. Then at least every 12 months.

The best method of measuring cytogenetic response
is debated. Both karyotyping and FISH can be used
but the two techniques are not necessarily directly
comparable (Table 13.6). Karyotyping typically only
examines 20 cells and therefore the sensitivity of the
test is relatively low, and the confidence interval for
the results high. Metaphases from bone marrow are
required, which may grow less well in culture than

Figure 13.8. ELN definitions of optimal response, suboptimal response and treatment failure for newly diagnosed patients in early CP
CML treated with 400 mg imatinib daily.
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normal cells after exposure to imatinib. Karyotyping,
however, does have the advantage of detecting addi-
tional cytogenetic abnormalities in Ph-positive cells
and other cytogenetic abnormalities in Ph-negative
cells. FISH, on the other hand, has the advantage of
evaluating many more cells (typically 100–200) which
improves the sensitivity of detection to between 1 in
100 to 1 in 1000 cells. The false positive rate is rela-
tively high at 2–5% [37], although this can be reduced
when three or four probes are used. This is particularly
important when evaluating for complete cytogenetic
response. Another advantage of FISH is that periph-
eral blood may be used, rather than bone marrow, as
interphase cells are assessed. It should also be noted
that Ph-positive cells may clear faster from blood than
the bone marrow. The response criteria developed by
the European Leukaemia Network were based on con-
ventional bone marrow cytogenetics and from many
clinical trials. Therefore bone marrow karyotyping
rather than FISH is suggested for the majority of
patients. One exception to this is when the genetic
abnormalities at diagnosis are only detectable on
FISH. In practice genetic monitoring by karyotyping
may not be feasible for routine monitoring as it is time
consuming and labor intensive. It may therefore be
appropriate to reserve karyotyping for patients with
warning features or those showing a suboptimal
response.

The development of additional cytogenetic abnor-
malities in a proportion of Ph-positive cells demon-
strates “clonal evolution.” Examples of non-random
ACAs are:

1. An extra Ph chromosome.
2. Trisomy 8.
3. Isochromosome 17.
4. Trisomies of chromosomes 19 and 20.
5. 20q abnormalities.

Additional cytogenetic abnormalities are more com-
mon in advanced phase (accelerated or blast phase)
disease, and are associated with a higher hematological
relapse rate, lower complete cytogenetic remission rate
and shorter overall survival at 2 years [44]. In CP they
are therefore a warning sign of impending treatment
failure, and suggest the need for closer monitoring and
consideration of other therapeutic strategies or a dose
increase of imatinib.

Other cytogenetic abnormalities occur inPh-negative
cells in approximately 5% of patients who have achieved
CCgR with imatinib [45–47]. OCA include:

1. Trisomy 8.
2. Trisomy 8 with other abnormalities.
3. Deletion of chromosome 7.

The development of OCAs may be related to the
evolution of a myelodysplastic clone. Over a median
follow-up of 51 months, the prognosis for patients
with OCA in the absence of myelodysplasia was the
same as those without OCA [48]. However, patients
with known OCA require more frequent monitoring
of cytogenetics, BCR-ABL1 transcripts [18] and blood
and bone marrow morphology, as the long-term clin-
ical significance is not yet known. For this reason
prospective monitoring for the development of OCA
remains controversial.

BCR-ABL1 transcript monitoring: Molecular response
is determined by measuring the BCR-ABL1 transcript
ratio compared to a control gene by qRT-PCR. For this
RNA extracted from peripheral blood buffy coat cells or
BM can be used; in practice blood cells are almost
always used. The results are given either as:

1. The ratio of BCR-ABL1 to control gene transcript
numbers on a log10 scale × 100%, or,

2. “Log reduction” from a standardized baseline
derived from results obtained in a series of
untreated patients [49].

Table 13.6. Comparison of karyotyping, fluorescence in situ
hybridization (FISH) and molecular monitoring of BCR-ABL1 [62].

Karyotyping FISH qRT-PCR

Sensitivity 5–10% 0.1–1% 0.001–0.01%

Accuracy ± 15% ± 2–5% ± 2–5 fold

Blood or
marrow

BM metaphases PB or BM PB or BM

False
positivity

Rare Yes: 2–5% Yes: ≤ 0.1%

False
negativity

Yes Yes Yes

Detection
of ACA

Yes No No

Detection
of OCA

Yes No No

ACA = additional chromosomal abnormalities; OCA = other
cytogenetic abnormalities; PB = peripheral blood; BM = bone
marrow.
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In the IRIS trial molecular responses were defined
as a log reduction in the number of BCR-ABL1
transcripts, with a 3 log reduction being shown to
be associated with increased progression-free sur-
vival (PFS).

To minimize variability in qRT-PCR results serial
measurements should be performed on the same
tissue (usually blood rather than marrow), by the
same high-quality laboratory, and using reliable col-
lection and transport procedures. To achieve inter-
laboratory standardization, an International Scale
(IS) for molecular monitoring has been proposed.
The International Scale will require validation of
two known reference samples of plasmids, lyophi-
lized cells or cell extracts. Each laboratory would
then have a conversion factor for its own results,
to enable true comparisons in international and
national databases [50].

Molecular responses by BCR-ABL1 to control gene
ratio should be assessed every 3 months. If the level of
BCR-ABL1 transcripts appears to be rising, the test
should be repeated immediately without waiting
another 3 months. If treatment fails, or there is a
suboptimal therapeutic response, as defined by the
European Leukaemia Network response criteria
(Figure 13.6), the following analyses should be
performed:

1. Mutation analysis to look for kinase domain
mutations; this should be performed using the
same cDNA that was used for the qRT-PCR
analysis.

2. Bone marrow aspirate morphology.
3. Cytogenetics (karyotype) to determine phase of

disease, cytogenetic status and to look for ACA.

The additional information gained from these tests
will subsequently contribute to informed therapeutic
decisions.

Mutation detection: Resistance to imatinib is often
caused by selection of mutations in the BCR-ABL1
kinase domain, altering residues that are directly or
indirectly critical for imatinib binding [51–54]. The
most common method of detecting point mutations
of the kinase domain in clinical practice is by allele-
specific oligonucleotide PCR (ASO-PCR). In this
technique DNA is amplified with both normal
and mutation-specific forward oligonucleotide pri-
mers (ASO) and a common reverse primer. The allele-
specific primers are designed such that they are

complementary to one of the several possible muta-
tions; only the perfectly matched oligonucleotide is
therefore able to act as a primer for amplification. To
date over 90 different mutations in the kinase domain
have been described and the clinical significance of
many is unknown. Since each mutation requires a
specific primer, screening is generally only performed
for the most common mutations [55,56]. Alternative
methods of mutation detection are by direct sequenc-
ing of the DNA kinase domain, or by denaturing high
performance liquid chromatography; these technolo-
gies are not usually available outside large research
facilities and hence are not suitable in clinical practice.

The frequency of mutations in imatinib-resistant
patients varies between 42% [57] and 90% [52]. This
wide range is because of the different methods used to
detect mutants, the clinical definition of resistance, and
the phase of disease, with more mutations seen in
advanced phase CML. Although mutations are more
common in patients with advanced disease and chronic
phase patients with increasing BCR-ABL1 transcript
levels [53,58], mutant clones may remain at very low
levels or disappear entirely. Mutations may therefore
not necessarily be associated with an increased chance
of relapse or disease progression [59,60]. Different
mutations have different biochemical and clinical prop-
erties, and therefore require different clinical strategies
to treat them. For example,

1. Some mutations do not confer any resistance to
imatinib and so are clinically irrelevant.

2. Some can be overcome by increased doses of
imatinib.

3. Some mutations, such as the T315I mutation, are
resistant to imatinib and second-generation TK
inhibitors.

It is for this reason that the significance of a mutation
must be interpreted in the clinical context of the
specific patient. However, T315I mutations are uni-
formly problematic and allogeneic transplantation
or experimental therapies should be considered in
these patients.

Disease monitoring of accelerated and
blast phase CML
There are fewer data available on treatment out-
comes and monitoring of patients who present with
advanced phase CML. Patients presenting with
accelerated phase disease, who therefore have not
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been previously treated with imatinib, may be given
600–800 mg/day imatinib, as long as no imatinib-
resistant mutation is present. Hematological, cyto-
genetic and molecular monitoring should be
performed more frequently than described above
for CP disease. The aim of therapy in these patients
is to generate a second (or later) chronic phase,
then consideration for consolidation with alloge-
neic transplantation if appropriate. If the disease
presents, or has progressed to blast phase, then
the treatment and monitoring is similar to that for
acute leukemia (see Chapters 7 and 8). However the
expected duration of response following disease con-
trol with imatinib and cytotoxic chemotherapy is
likely to be relatively short, and therefore allogeneic
transplantation should be considered.

Conclusion
Chronic myeloid leukemia is probably the most
comprehensively studied and best understood mal-
ignancy today. It is a model of scientific knowledge
directing rational drug design and dramatically
altering the lives of many patients living with this
malignancy. The hematology laboratory plays a
key role in this process: making the diagnosis,
determining prognosis, predicting changes in the
disease natural history and monitoring response to
therapy.
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14 Myeloproliferative neoplasms
Philip A. Beer and Anthony R. Green

Introduction
The myeloproliferative neoplasms (MPNs) are a
group of clonal stem cell disorders with similarities
at the phenotypic and molecular level. Clinically these
disorders are characterized by over-production of one
or more mature myeloid elements and a variable ten-
dency to develop acute myeloid leukemia (AML).
Polycythemia vera (PV), essential thrombocythemia
(ET) and primary myelofibrosis (PMF) overlap clini-
cally and share a tendency to undergo phenotypic
shift, such that patients with ET may develop PV,
and ET or PV may undergo myelofibrotic transforma-
tion. A degree of phenotypic overlap is also seen in
patients with chronic eosinophilic leukemia (CEL)
and systemic mastocytosis (SM). At the molecular
level, the myeloproliferative neoplasms are character-
ized by dysregulated tyrosine kinase signaling due to
localized mutations (affecting JAK2, MPL or KIT) or
chromosomal rearrangements (affecting ABL1,
PDGFRA/B or FGFR1). Chronic myeloid leukemia
(CML) has been discussed separately in Chapter 13.

Polycythemia vera

Epidemiology and pathogenesis
Polycythemia vera is characterized by over-production of
erythrocytes, a variable increase in granulocytes and/or
platelets and a risk of thrombotic and hemorrhagic com-
plications. The annual incidence is around 1–2.5 per
100000 population, with a peak between 50 and 70 years
of age, and a slight male predominance [1]. Polycythemia
veramay be diagnosed by chance, following a thrombotic
event or during investigation for symptoms such as pru-
ritus, gout, headaches or visual disturbance. Thrombotic
complications are the main cause of morbidity and mor-
tality. A minority of patients develop progressive disease

such as transformation to myelofibrosis, myelodysplasia
or AML. Acquired mutations in JAK2 are present in the
vast majority of PV patients, comprising JAK2 V617F in
97% andmutations in JAK2 exon 12 in themajority of the
remainder. Whereas mutations in JAK2 exon 12 appear
specific to patients presenting with erythrocytosis, the
JAK2 V617F mutation is also present in around 50% of
patients with ET or PMF [2,3].

Investigation and diagnosis
Recent advances in understanding of the molecular
basis of PV have led to a dramatic change in how this
condition is diagnosed.

JAK2 mutation analysis: A raised hemoglobin in asso-
ciation with a pathogenetic mutation in JAK2 is sufficient
to confirm a diagnosis of PV according to the British
Committee for Standards in Haematology (BCSH) crite-
ria. Testing for the JAK2 V617F mutation is therefore
recommended as the initial investigation in all patients
with a raised hemoglobin. The method used should be
sensitive enough to detect a mutant allele burden of
around 1%, as in some patients, the neoplastic clone
represents a minority of blood cells. Suitable techniques
include allele-specific PCR or real-time PCR, and the
test can be performed on peripheral blood DNA or
cDNA. Screening for JAK2 exon 12 mutations is recom-
mended in all cases where a JAK2 V617F mutation is not
detected. Screening for JAK2 exon 12 mutations is com-
plicated by the existence of over 20 different disease-
associated alleles and the occurrence of a low mutant
allele burden in some patients. Screening methods should
therefore be able to detect all allelic variants within the
exon 12 region with an adequate degree of sensitivity,
and include pyrosequencing and high-resolution melt
curve analysis [4]. The identification of activating muta-
tions in JAK2 has raised the possibility of targeted
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therapy for PV. To date, clinical trials of JAK2 inhibitors
have mainly enrolled patients with primary or post-ET/
PV myelofibrosis (see PMF section for further details),
although limited data suggest some efficacy in PV patients
who are refractory to other treatment modalities.

World Health Organization (WHO) criteria for
the diagnosis of JAK2-positive PV differ slightly from
those of the BCSH in that they require one or more
of the following additional supporting features:

1. Typical bone marrow histology.
2. Low serum erythropoietin (Epo).
3. Growth of erythroid colonies in vitro in the

absence of Epo (endogenous erythroid colonies,
EEC) (Table 14.1).

Blood film and bone marrow examination: Patients
with a persistently raised hematocrit (> 0.52 in males,
> 0.48 in females) should generally be referred for
further investigation. Examination of the blood film
may reveal features of iron deficiency or the presence
of large platelets. At diagnosis the bone marrow aspi-
rate in PV generally shows hyperplasia of the eryth-
roid, granulocyte and megakaryocyte lineages
(pan-myelosis) with pleomorphic megakaryocyte

morphology (Figure 14.1a). Stainable iron is usually
absent. Bone marrow trephine histology shows
increased cellularity with trilineage hyperplasia, pleo-
morphic megakaryocyte morphology and loose
megakaryocyte clusters (Figure 14.1b). Immunocyto-
chemistry may be useful to delineate the presence
of pan-myelosis, with staining for myeloperoxidase
and glycophorin (CD235) highlighting granulocytic
and erythroid lineages respectively. Staining with a
megakaryocyte-associated antibodies (e.g. CD41,
CD61 or Factor VIIIRAg) will highlight megakaryo-
cytic hyperplasia and pleomorphism, and may identify
small megakaryocytes that may not be evident on
hematoxylin and eosin staining. It should be noted,
however, that there are no specific morphological fea-
tures for PV and these overlap with other MPNs and
reactive conditions. In patients with a JAK2 exon 12
mutation, erythroid hyperplasia is evident but the
granulocyte andmegakaryocyte lineages are often nor-
mal (Figure 14.2a, b). In PV patients positive for either
V617F or exon 12 mutations, reticulin may be normal
or slightly increased, although occasional patients har-
bor significant reticulin fibrosis in the absence of other
features of myelofibrotic transformation. Cytogenetic

Table 14.1. World Health Organization (WHO) and British Committee for Standards in Haematology (BCSH) criteria for the diagnosis of
polycythemia vera.

WHO 2008 [20] BCSH 2007 [21]

Polycythemia vera
Requires A1 + A2 + any B or A1 + two B

JAK2-positive polycythemia vera
Requires A1 + A2

A1 Hb >18.5 g/dL (♂) or >16.5 g/dL (♀) or
Hb or Hct > 99th percentile or
red cell mass > 125% predicted or
Hb >17 g/dL (♂) or >15 g/dL (♀) associated with 2 g/dL increase from
baseline not attributed to correction of iron deficiency

A1 High Hct (> 0.52 in men, > 0.48 in women) or raised
red cell mass (> 125% predicted)

A2 Mutation in JAK2 A2 Mutation in JAK2

JAK2-negative polycythemia vera
Requires A1–A3 + either another A or two B

A1 Raised red cell mass (> 125% predicted) or
hematocrit > 0.60 in men, > 0.56 in women
A2 Absence of mutation in JAK2
A3 No cause of secondary erythrocytosis
A4 Palpable splenomegaly
A5 Acquired genetic abnormality (excluding BCR-ABL1)
in the hematopoietic cells

B1 Bone marrow biopsy showing pan-myelosis
B2 Low serum erythropoietin

B3 Endogenous erythroid colony growth in vitro

B1 Thrombocytosis (> 450 × 109/L)
B2 Neutrophil leukocytosis (> 10 × 109/L in non-
smokers; > 12.5 × 109/L in smokers)
B3 Radiological evidence of splenomegaly
B4 Endogenous
erythroid colonies or low serum erythropoietin
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analysis is not indicated in the initial assessment, but is
useful in the investigation of JAK2-negative erythro-
cytosis and at disease progression (see below).

Erythropoietin and progenitor assays: The majority of
PV patients have serum erythropoietin (Epo) levels
below the normal range at initial diagnosis, although
levels may normalize swiftly following venesection
or cytoreductive therapy. A low serum Epo concentra-
tion is not specific for PV, and may be seen with

inherited erythropoietin receptor mutations, ET or idi-
opathic erythrocytosis. Growth of EEC in vitro can be
observed in the majority of PV patients at initial
diagnosis but may be masked by cytoreductive therapy.
EEC formation may also be seen in patients with ET or
PMF, and in those with inherited Epo receptor muta-
tions. The limited availability and lack of standardization
reduces the overall diagnostic utility of the EEC assay.

Given that detection of a JAK2 mutation confirms
a clonal blood disorder, the requirement in the

ba

Figure 14.2. JAK2 exon 12 mutant polycythemia vera.
a and b. Bone marrow trephine biopsy sections from PV with the JAK2 exon 12 N542-E543del mutation showing erythroid hyperplasia.

ba

Figure 14.1. JAK2 V617F-positive polycythemia vera.
a. Bone marrow aspirate showing a cluster of pleomorphic megakaryocytes.
b. Bone marrow trephine section showing pan-myelosis with clusters of pleomorphic megakaryocytes.
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WHO diagnostic criteria for an additional supportive
feature is presumably aimed at distinguishing PV
from other JAK2-positive MPNs (primarily ET and
PMF). However, none of these additional features
are specific for PV, as noted above. As such, the pre-
sence of a JAK2 mutation in a patient with a high
hemoglobin is considered sufficient to make a diag-
nosis of PV, as per BCSH guidelines (Table 14.1).

JAK2-negative erythrocytosis: It is currently unclear if
JAK2-negative PV exists as a genuine entity, and as
such the clinical features of this condition are
unknown. The WHO and BCSH criteria differ in
several important respects in their approach to the
diagnosis of JAK2-negative PV. First, WHO criteria
do not require measurement of red cell mass (or the
presence of a hematocrit indicative of a raised red cell
mass: > 0.60 in men, > 0.56 in women). Second,

investigation for causes of secondary erythrocytosis
is not mandated by WHO criteria. The WHO diagno-
sis of JAK2-negative PV therefore rests on the presence
of a raised hemoglobin along with two supporting
features to distinguish clonal from secondary erythro-
cytosis. However, the supporting features, comprising
bone marrow pan-myelosis, low serum Epo or EEC
formation (Table 14.1), lack specificity for clonal hem-
atopoiesis (see above) and these criteria risk labeling
inherited or reactive erythrocytosis as a clonal blood
disorder. Confirmation of a raised red cell mass by
radionuclide studies is therefore recommended for all
patients with a raised hemoglobin in the absence of a
JAK2 mutation. Such studies will distinguish a
true erythrocytosis, associated with an increased red
cell mass, from apparent polycythemia, where the
hemoglobin concentration is increased due to a con-
tracted plasma volume in the presence of a normal red

1. JAK2 V617F mutation

2. JAK2 exon 12 mutation

3. Measurement of red cell mass

4. Serum erythropoietin
    Arterial oxygen saturation
    Chest X-ray
    Abdominal ultrasound
    Lung function tests
    (Sleep studies in selected cases)

5. If no prior normal hemoglobin:
    Oxygen dissociation curve
    VHL, PHD2 & HIF2A mutation screening
    EPOR mutation screening

6. Bone marrow studies & cytogenetics
    Endogenous erythroid colonies

NO

NO

INCREASED

NO RELEVANT
ABNORMALITY

NORMAL

ABNORMAL

BCSH
CRITERIA

Idiopathic
erythrocytosis

JAK2-neg PV

Inherited
erythrocytosis

Secondary
erythrocytosis

Apparent
erythrocytosis

JAK2-pos PV

JAK2-pos PV

RELEVANT
ABNORMALITY

NORMAL

YES

YES

(See Table 14.2)

Figure 14.3. Algorithm for the
investigation of polycythemia.
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cell mass. A true erythrocytosis is established by a
red cell mass > 125% of predicted, and mandates an
exhaustive search for secondary causes in patients
lacking a JAK2 mutation (Figure 14.3). In this con-
text, a high serum Epo is highly suggestive of a
secondary erythrocytosis, whereas a normal serum
Epo is unhelpful. As noted above, reduced serum
Epo levels may be seen in PV, inherited Epo recep-
tor mutations or idiopathic erythrocytosis. Other
causes of a secondary erythrocytosis are listed in
Table 14.2.

In patients with a true erythrocytosis lacking a
mutation in JAK2, a diagnosis of JAK2-negative
PV should be considered as per BCSH criteria
(Table 14.1). Although bone marrow cytogenetic
examination is not routinely required in the diagnosis
of JAK2-positive PV, such studies are useful in sus-
pected JAK2-negative PV, as an acquired cytogenetic
abnormality confirms the presence of clonal hemato-
poiesis. A reasonable approach is the initial use of
fluorescence in situ hybridization (FISH) studies to
look for common MPN-associated abnormalities
such as del(20q), del(13q), add(8) and add(9), and
proceeding to full karyotypic analysis if FISH studies
are uninformative. Patients with a true erythrocytosis
who do not fulfill diagnostic criteria for PV and have
no identifiable secondary cause are currently classified
as idiopathic erythrocytosis.

Risk stratification and therapeutic
monitoring
An increased leukocyte count or high JAK2 mutant
allele burden at diagnosis have been associated with
an increased risk of subsequent thrombosis, although
the utility of these observations in guiding therapy
is not yet clear. Current guidelines recommend
anti-platelet therapy for all patients with PV, along
with regular venesection for those with an isolated
erythrocytosis, or cytoreductive agents for those with
thrombocytosis, progressive splenomegaly or consti-
tutional symptoms [5].

Consensus guidelines on the monitoring of
response to therapy are available. These take into con-
sideration therapeutic efficacy at the clinical/hemato-
logical, bone marrow histological and molecular levels
[6]. A clinical/hematological response involves resolu-
tion of physical symptoms and normalization of the
blood count, and is the aim of treatment in the major-
ity of cases. Successful therapy may also result in
normalization of bone marrow cellularity. At present,
however, the implications of a histological response
have not been fully evaluated, and reassessment of
bone marrow histology is not usually performed rou-
tinely. Interferon-α therapy has been associated with
a fall in the peripheral blood mutant allele burden;
however the significance of this reduction is currently
unclear, and quantitation of mutant JAK2 (e.g. by
pyrosequencing or real-time PCR) is not currently
recommended outside the setting of a clinical trial.

Disease progression
Myelofibrotic transformation complicates around
10% of patients with PV, and may be suspected by
the presence of increasing splenomegaly, reduced
requirements for cytoreductive therapy or the devel-
opment of anemia. Myelofibrotic transformation of
PV is phenotypically indistinguishable from PMF
and the diagnostic process and criteria are similar
(Table 14.3; see PMF section for a full discussion).

Evolution toAML complicates around 5%of patients
with PV (Figure 14.4a, b). The diagnostic process gener-
ally starts with examination of the blood film, the pres-
ence of > 20% blasts in the blood being diagnostic of
leukemic transformation. Examination of the bone mar-
row is indicated in patients where the peripheral blood
blast count is < 20% (where transformation to myelofib-
rosis or myelodysplasia should also be considered) or

Table 14.2. Causes of erythrocytosis.

Polycythemia vera

Idiopathic erythrocytosis

Inherited erythrocytosis
High oxygen-affinity hemoglobin
2,3-bisphosphoglycerate mutase deficiency
Erythropoietin receptor mutation
Oxygen sensing pathway mutation (VHL, PHD2 or HIF2A)

Hypoxia-associated
Generalized hypoxia: lung disease, cardiac disease, high altitude
habitat
Localized renal hypoxia: renal artery stenosis, intrinsic renal
disease
Intermittent hypoxia: obstructive sleep apnea

Ectopic erythropoietin secretion
Benign tumors: uterine leiomyoma
Malignant tumors: hepatocellular carcinoma, cerebellar
hemangioblastoma

Drug-associated
Exogenous erythropoietin
Androgen preparations
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where high-dose chemotherapy is being considered. As
with de novo AML, the presence of > 20% of blast cells
in the bone marrow is diagnostic of leukemic transfor-
mation. Flow cytometric analysis of peripheral blood or
bonemarrowmay be useful to confirmboth the presence
of excess immature cells and to determine their lineage
(see AML chapter for recommendations on antibody
panels). Bone marrow karyotypic analysis is also com-
monly performed, although it should be noted that
the strong prognostic significance of different karyo-
typic abnormalities seen in de novo AML may not be

applicable to post-MPN AML, where the overall prog-
nosis is generally poor. Of note, patients with a JAK2-
mutant MPN may develop AML that is negative for
the JAK2 mutation, although the prognostic signifi-
cance of this observation is currently unknown.

Essential thrombocythemia

Epidemiology and pathogenesis
Essential thrombocythemia (ET) is characterized by
an isolated thrombocytosis and a risk of thrombotic

Table 14.3. Criteria for the diagnosis of myelofibrotic transformation of essential thrombocythemia or polycythemia vera.

Requires A1 + A2 and any two B criteria

A1 Previous diagnosis of ET or PV

A2 Reticulin ≥ 3 (on a 0–4 scale)

B1 New palpable splenomegaly or increase in spleen size of ≥ 5 cm

B2 Unexplained anemia with 2 g/dL decrease from baseline hemoglobin

B3 Leukoerythroblastic blood film

B4 Tear-drop red cells

B5 Constitutional symptoms a

B6 Histological evidence of extramedullary hematopoiesis

aDrenching night sweats, weight loss >10% over 6 months or diffuse bone pain.

ba

Figure 14.4. Myeloproliferative neoplasms transformed to acute myeloid leukemia.
a. Blood film showing acute myeloid leukemia following myelofibrotic transformation of PV.
b. Bone marrow trephine biopsy showing leukemic transformation of PV.
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and hemorrhagic complications. The annual incidence
of ET is in the order of 1–2.5 per 100 000 population
and appears slightly more common in females [1].
Patients may present at any age, although ET is largely
a disorder of later life with a peak incidence between
the ages of 50 and 70 years. Presentation in childhood
is rare but well recognized. Essential thrombocythemia
is often diagnosed following the incidental finding
of a high platelet count, although a proportion of
patients present with thrombotic or hemorrhage
complications. A minority of patients develop progres-
sive disease such as transformation to myelofibrosis,
myelodysplasia or AML. The JAK2 V617F mutation
is found in approximately 50% of patients [2,3].
Mutations in exon 10 of MPL, the thrombopoietin
receptor, are found in around 4% of patients with ET
and a similar proportionwith PMF (but not in PV) with
five different MPL alleles (MPL S505N and MPL
W515L/K/A/R) reported to date. Of note, MPL S505N
may also be observed as an inherited allele in kindreds
with familial thrombocytosis [7,8]. Rarely, ET patients
harbormore than onemutation, for example both JAK2
V617F and MPL W515L [9].

Investigation and diagnosis
Essential thrombocythemia has traditionally been a
diagnosis of exclusion, requiring the absence of reactive
conditions and other myeloproliferative and myelodys-
plastic syndromes that may present with thrombocyto-
sis (Table 14.4). The identification ofmutations in JAK2
and MPL now allows for the positive identification of

this disorder in over a half of all cases. Diagnostic
criteria for ET are presented in Table 14.5. The BCSH
criteria are similar to WHO 2008 but differ in three
important respects [10]. First, in the presence of a
pathogenetic mutation the BCSH criteria do not neces-
sarily require bone marrow studies, as although muta-
tions in JAK2 orMPL are not specific for ET, PV can be
excluded by normal iron studies and PMF by the
absence of associated clinical and laboratory features
(see below). Second, BCSH criteria do not use bone
marrow histology to subdivide ET into “true-ET” and
“prefibrotic myelofibrosis” as the existence of the latter

Table 14.4. Causes of thrombocytosis.

Myeloid malignancy
Essential thrombocythemia
Polycythemia vera
Primary myelofibrosis
Chronic myeloid leukemia
Refractory anemia with ring sideroblasts associated with
marked thrombocytosis
Myelodysplastic syndrome associated with isolated del (5q)

Reactive (secondary) thrombocytosis
Blood loss or iron deficiency
Infection or inflammation
Disseminated malignancy
Drug effect (vincristine, epinephrine, all-trans-retinoic acid)
Splenectomy or congenital absence of spleen
Hemolytic anemia

Familial thrombocytosis
Mutations in TPO, MPL or unknown genes

Spurious thrombocytosis
Cryoglobulinemia
Cytoplasmic fragmentation in acute leukemia
Red cell fragmentation

Table 14.5. World Health Organization (WHO) and British Committee for Standards in Haematology (BCSH) criteria for the diagnosis of
essential thrombocythemia.

WHO 2008 [20] BCSH 2010 [10]

Requires A1–A4 Requires A1–A3 or A1 + A3–A5

A1 Sustained platelet count > 450 × 109/L A1 Sustained platelet count >450 × 109/L

A2 Bone marrow showing increased numbers of
enlarged, mature megakaryocytes

A2 Presence of an acquired pathogenetic mutation (e.g. in JAK2 or MPL)

A3 Not meeting WHO criteria for PV, PMF, CML,
MDS or other myeloid neoplasm

A3 No other myeloid malignancy, especially PV, PMF, CML or MDS

A4 Acquired mutation or clonal marker or no
reactive cause for thrombocytosis

A4 No reactive cause for thrombocytosis and normal iron stores

A5 Bone marrow aspirate and trephine biopsy showing increased megakaryocytes
displaying a spectrum of morphology with predominant large megakaryocytes with
hyperlobated nuclei and abundant cytoplasm. Reticulin is generally not increased
(grades 0–2/4 or grade 0/3)
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proposed entity remains controversial and the under-
lying histological criteria are difficult to apply reprodu-
cibly, even by experienced hematopathologists [11].
Third, the BCSH classification includes patients with
bonemarrow reticulin of greater than grade 2 (on a 0–4
scale) who lack other features of PMF or myelofibrotic
transformation; such patients are not classified under
the current WHO criteria.

JAK2 and MPL mutation analyses: The combination
of an isolated thrombocytosis with a pathogenetic
mutation, in the absence of iron deficiency (which
may mask PV) or features of PMF (see below), is
generally sufficient to make a diagnosis of ET.
Testing for the JAK2V617Fmutation is recommended
as the initial investigation in all patients with throm-
bocytosis (see PV section for choice of assay).
Screening for MPL exon 10 mutations is recommen-
ded in JAK2-negative cases. Strategies for detection
may include testing only for the most common muta-
tion (MPL W515L), for example by allele-specific or
real-time PCR. An alternative and more

comprehensive approach is to use a technology such
as pyrosequencing or high-resolution melt curve anal-
ysis to detect all mutations within exon 10. The iden-
tification of activating mutations in the cytokine
receptor signaling pathway (JAK2 andMPL) has raised
the possibility of targeted therapy. To date, clinical
trials of JAK2 inhibitors have mainly enrolled patients
with primary or post-ET/PV myelofibrosis (see PMF
section for further details), although limited data suggest
some efficacy in ET patients who are refractory to other
treatment modalities. Occasional patients with CML
present with an isolated thrombocytosis in the absence
of leukocytosis. Given the major therapeutic implica-
tions, testing for BCR-ABL1 should be considered in
all patients who lack mutations in JAK2 andMPL.

In patients with suspected ET who lack JAK2
and MPL mutations, exclusion of reactive causes is
particularly important (Table 14.4). In this context a
careful history, assessment of inflammatory markers
(e.g. C-reactive protein and/or erythrocyte sedimen-
tation rate) and bone marrow histology are all recom-
mended in order to confirm the diagnosis (Figure 14.5).

1. JAK2 V617F mutation

2. MPL exon 10 mutation

3. Iron deficiency?

4. Inflammatory markers

5. Bone marrow studies

NO

NO

NO

YES YES ET or PV:
Trial of iron

ET

ET

Other MPN

ET

Other MPN

No MPN

YES

YES

YES

Bone marrow studies

Replace iron
Repeat FBC

Reactive thrombocytosis
(Table 14.4)

Apply diagnostic criteria

RAISED

Iron deficiency?

Unexplained anemia
or Palpable spleen >5 cm
or Constitutional symptoms
or Leukoerythroblastic film
or Dysplastic film

NO

NO

NORMAL

Figure 14.5. Algorithm for the
investigation of thrombocytosis.
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Serum biochemistry, cytokines and progenitor assays:
Assessment of body iron stores is required in all patients
with thrombocytosis, to exclude iron-deficient PV in
those with a JAK2 mutation, and to look for iron
deficiency as a cause of reactive thrombocytosis in
those lacking a pathogenetic mutation. Measurement
of serum ferritin is suitable for first-line testing.
Measurement of biochemical markers of systemic
inflammation, such as C-reactive protein and erythro-
cyte sedimentation rate, are also recommended in all
patients. These tests are important in assessing the reli-
ability of serum ferritin, as iron studies are altered in the
presence of acute and chronic inflammation. Systemic
inflammatory disorders are also an important cause of
reactive thrombocytosis in patients lacking a pathoge-
netic mutation (Table 14.4).

Serum thrombopoietin levels are normal or
slightly elevated in ET and have no diagnostic utility.
Serum Epo levels are low in a proportion of patients
with ET, especially those with a JAK2V617Fmutation.
Growth of cytokine-independent erythroid and/or
megakaryocyte colonies is observed in approximately
50% of ET patients, although limited availability and
lack of standardization reduces the diagnostic utility of
these assays.

Blood film and bone marrow examination:
Examination of the blood film is recommended in
all patients with thrombocytosis, primarily to exclude
features of other myeloid disorders associated
with thrombocytosis (Table 14.4). The blood film in ET
is often normal apart from the thrombocytosis.
Morphological platelet abnormalities, such as platelet
anisocytosis, the presence of large platelets, and hypogra-
nularity, may be seen in a proportion of patients.
However, the blood film alone is rarely diagnostic.
The presence of anemia, tear-drop erythrocytes or circu-
lating progenitor cells (or the presence of significant
palpable splenomegaly) raise the possibility of PMF and
mandate bone marrow aspirate and trephine biopsy.
The presence of dysplastic features also necessitates
bone marrow studies to exclude a myelodysplastic disor-
der, such as that associated with a deletion of chromo-
some 5q.

Bone marrow aspirate and trephine biopsy are
recommended in all cases of suspected ET lacking a
mutation in JAK2 and MPL, both to identify typical
features of ET and to exclude other myeloid malig-
nancies that may present with an isolated thrombocy-
tosis. Although bone marrow studies may not be

essential to confirm a diagnosis of JAK2- or MPL-
positive ET, assessment of reticulin fibrosis carries
prognostic significance (see below).

At diagnosis the bone marrow aspirate often
shows large and giant (present in small numbers) mega-
karyocytes with hyperlobated nuclei (Figure 14.6a);
hematopoiesis is generally otherwise normal. Iron
staining may be helpful in excluding iron deficiency
or the presence of ring sideroblasts. Bone marrow
trephine histology typically shows an increase
in megakaryocyte frequency with megakaryocyte
clustering, some large and giant megakaryocytes
and nuclear hyperlobation, usually in the absence
of significant reticulin fibrosis (Figure 14.6b). Cellu-
larity is generally normal or slightly increased, but occa-
sional cases may show a hypocellular marrow, for
example those with mutations inMPL [7,12].

Cytogenetics: As with PV, chromosomal analysis, by
G-banding or FISH, is helpful in those lackingmutations
in JAK2 andMPL, primarily to exclude lesions associated
with other myeloid disorders such as t(9:22) (CML) or
deletions of chromosome 5q (‘5q-minus syndrome’).
Other karyotypic abnormalities,mainly comprising dele-
tions of chromosomes 20q or 13q or additional copies of
chromosomes 8 or 9, are found in 5% of ET patients
and establish the existence of clonal hematopoiesis. A
reasonable approach is the initial use of FISH studies to
look for common abnormalities, proceeding to full kar-
yotypic analysis if these studies are uninformative.

Variants of essential thrombocythemia: The
WHO classification recognizes refractory anemia
with ring sideroblasts associated with marked throm-
bocytosis (RARS-T) as a provisional entity as a mye-
lodysplastic/myeloproliferative disorder. RARS-T is
similar to ET both clinically and pathogenetically,
displaying thrombotic complications, large megak-
aryocytes with hyperlobated nuclei and a similar
prevalence of mutations in JAK2 and MPL. It may
be that RARS-T represents a morphological variant
of ET. Alternatively RARS-Tmay represent a morpho-
logical manifestation of oligoclonal disease [9], with a
JAK2 or MPL mutant ET clone coexisting with an
MDS clone. Given the risk of thrombotic complica-
tions, RARS-T is probably best managed as a variant
of ET.

The JAK2 V617F mutation has been reported in
patients presenting with mesenteric vein thrombosis
and a normal blood count, particularly young/middle-
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aged females. In some cases, a diagnosis of PV is
masked by an increase in plasma volume, often
due to the presence of splenomegaly secondary to
portal hypertension. In other cases the red cell mass
is normal, suggesting the presence of a pre-clinical
MPN. In such cases, bone marrow histology
may suggest an underlying MPN, and long-term
follow-up is recommended as many patients will
subsequently develop a clinically overt MPN, most
commonly ET (Figure 14.6c, d).

Risk stratification and therapeutic
monitoring
Cytoreductive therapy in ET is aimed primarily at
reducing the frequency of thrombotic complications.
Patients are currently stratified according to known
risk factors, the best established of which are age over
60 years or history of prior thrombosis. An increased
leukocyte count at diagnosis has been reported as an
independent predictor of thrombosis in both ET and
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Figure 14.6. Essential thrombocythemia.
a. Bone marrow aspirate in JAK2 V617F-positive ET showing a giant megakaryocyte with a low nuclear : cytoplasmic ratio and hyperlobated
nucleus.

b. Bone marrow trephine biopsy showing increased cellularity and clusters of large, hyperlobated megakaryocytes.
c. Contrast enhanced abdominal CT scan showing features of established hepatic vein thrombosis in a 53-year-old female, including hypertrophy
of the caudate lobe (arrow) with atrophy of the remaining liver and surrounding ascites; the spleen is of normal size.

d. Bonemarrow trephine biopsy from the same patient showing normal cellularity and increased megakaryocytes with occasional hyperlobated
forms. Although the patient was JAK2 V617F-positive, other investigations, including blood count, red cell mass and cytogenetic analysis, were
normal.
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PV. Patients with JAK2 V617F-positive ET also exhibit
higher rates of venous and arterial thrombosis com-
pared with those without the mutation. The presence
of anMPLmutation predicted for higher rates of arterial
thrombosis compared to JAK2/MPL-negative patients
in the Italian but not the PT-1 cohort [7,12]. Increased
bone marrow reticulin fibrosis at diagnosis has been
identified as an independent predictor of both throm-
botic and hemorrhagic complications [13]. The predic-
tive utility of the platelet count remains unclear, and an
association between the degree of thrombocytosis and
risk of thrombosis or hemorrhage is notwell established.

As with PV, response to therapy may be considered
on clinical/hematological, bone marrow histological
and molecular levels [6]. In patients requiring cytor-
eductive therapy, treatment is generally adjusted to
maintain the platelet count within normal limits.
Routine reassessment of bone marrow response is
not generally indicated in patients with stable disease.
Anagrelide therapy has been associated with increas-
ing bone marrow fibrosis and a risk of myelofibrotic
transformation compared to hydroxycarbamide [14].
As the increase in fibrosis is reversible in some cases on
cessation of anagrelide [13], regular assessment of
bone marrow histology, e.g. every 2–3 years, is recom-
mended for those receiving this drug.

Disease progression
Rates of myelofibrotic and AML transformation are
similar to those seen in PV, and are diagnosed according
to the same criteria (see PV section for a full discussion).

Primary myelofibrosis

Epidemiology and pathogenesis
Primarymyelofibrosis (PMF) is characterized bymega-
karyocyte proliferation and bone marrow fibrosis with
consequent extramedullary hematopoiesis and bone
marrow failure. PMF is less common than PV or ET,
with an annual incidence of approximately 0.1–0.5 per
100 000 population, peaking between the ages of 50 and
70 years [1]. Presentation in childhood is extremely
rare. Complications such as leukemic transformation
(seen in around 30% of cases) and bone marrow failure
result in a median overall survival of 3–5 years. The
mutation spectrum in PMF is similar to ET, with the
JAK2 V617F mutation present in around 50% of
patients andMPLmutations present in a further 5–8%.

Investigation and diagnosis
Diagnostic criteria for PMF are presented in
Table 14.6. In both WHO and BCSH criteria, a diag-
nosis of PMF requires typical bone marrow appear-
ances along with additional supportive clinical and/or
laboratory features. The predictive utility of the differ-
ent supportive features has not been formally tested,
although in patients with significant bone marrow
fibrosis the two sets of criteria show a high degree of
concordance. The main difference between the two is
the inclusion of patients without significant bone mar-
row fibrosis in the WHO 2008 classification. This
inclusion is based on the notion that the early stages
of PMF, termed “pre-fibrotic” or “cellular phase”mye-
lofibrosis, may be recognized by their typical histolog-
ical appearances. However the reproducibility of this
classification has been called into question [11], and its
clinical utility remains unproven. Of note, patients
without significant bone marrow fibrosis were gener-
ally excluded from studies of survival in PMF [15,16],
and it is therefore not known if prognostic indices in
common usage are applicable to patients with pre-
fibrotic or cellular phase myelofibrosis (see below).

Splenomegaly: Palpable splenomegaly is present in
most cases of PMF, and the degree of enlargement
varies markedly between patients. Although long-
standing bone marrow fibrosis due to any etiology
may be associated with a degree of splenic enlarge-
ment, massive splenomegaly is suggestive of PMF or
myelofibrotic transformation of another MPN.

Blood film and bone marrow examination: The blood
count in PMF is highly variable: hemoglobin levels may
be normal or decreased, and leukocyte and platelet
counts may be normal, decreased or increased. Blood
film examination usually shows circulating erythroid
and myeloid progenitors (leukoerythroblastic film),
tear-drop erythrocytes and large poorly stained hypo-
granular platelets (Figure 14.7a). It should be noted that
circulating progenitor cells and tear-drop erythrocytes
are features of bone marrow fibrosis per se (primary or
secondary) and are not specific for PMF.

Bone marrow studies are central to the diagnosis
of PMF, to confirm the presence of bonemarrow fibrosis
and to rule out other malignant or reactive conditions
(Table 14.7). Aspiration of particulate bone marrow is
often unsuccessful due to the presence of fibrosis.Where
an adequate aspirate is obtained the particles may be
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markedly hypercellular but with hypo- or acellular trails.
Other typical aspirate appearances include granulocytic
hyperplasia, reduced erythroid activity and megakaryo-
cytic hyperplasia with dysplastic morphology.

Examination of bone marrow histology and staining
for the presence of reticulin fibers is essential in all cases;
demonstration of grade 3 or 4 reticulin fibrosis (on a 0–4
scale) is required to make a diagnosis of PMF. Bone
marrow trephine histology shows a range of morpho-
logical appearances. In the early stages of disease, the
bone marrow is hypercellular with granulocytic hyper-
plasia and abundant, dysplastic megakaryocytes often
residing in tight clusters which may be paratrabecular.
Megakaryocytes may have an angulated shape and a
high nuclear : cytoplasmic ratio with hypolobated
nuclei (Figure 14.7b). Over time the bone marrow cavity
is gradually replaced by collagen fibrosis (as demon-
strated by the reticulin stain), such that in advanced
disease few hematopoietic elements can be identified
(Figure 14.7c). There may be sinusoidal expansion
and intrasinusoidal hematopoietic cells (Figure 14.7d).
New bone formation (termed osteomyelosclerosis)
may be observed, particularly in the later stages of the
disease.

Other malignant or reactive conditions associated
with bonemarrow fibrosis are listed in Table 14.7. Bone
marrow fibrosis secondary to malignant infiltration

may be localized (secondary carcinoma, systemic mas-
tocytosis) or generalized (hairy cell leukemia, acute
leukemia, CML). In the majority of cases, the diagnosis
will be apparent from bone marrow histology and con-
firmed by appropriate immunostaining of the infiltrate,
although exclusion of CML requires testing for the
BCR-ABL1 fusion. Hyperparathyroidism or severe vita-
min D deficiency may result in diffuse bone marrow
fibrosis and anemia, although other features of PMF are
generally absent; bone marrow fibrosis resolves with
correction of the metabolic abnormality. Autoimmune
bone marrow fibrosis is a rare disorder which may be
indistinguishable from PMF. Most but not all patients
have a pre-existing autoimmune disease, usually sys-
temic lupus erythematosis or systemic sclerosis. Other
clues to an autoimmune etiology include the absence of
palpable splenomegaly, lymphoid aggregates in the
bonemarrow or auto-antibodies in the blood; complete
resolution of bone marrow fibrosis with steroids or
other immunosuppressive therapy is the norm. Gray
platelet syndrome is an extremely rare autosomal
dominant disorder where leakage of platelet alpha-
granules, containing growth factors such as PDGF
and TGF-β, is associated with large gray-colored
circulating platelets, a variable bleeding tendency
and the development of bone marrow fibrosis in a
proportion of patients.

Table 14.6. Criteria for the diagnosis of primary myelofibrosis.

WHO 2008 [20] Modified from Campbell and Green [2]

Requires A1–A3 and any two B criteria A1 + A2 and any two B criteria

A1 Megakaryocyte atypia and fibrosis or megakaryocyte atypia, increased granulocytic
and decreased erythroid cellularity without fibrosis

A1 Reticulin ≥ 3 (on a 0–4 scale)

A2 Not meeting WHO criteria for PV, CML, MDS or other myeloid neoplasm A2 Pathogenetic mutation (e.g. in JAK2 or
MPL) or absence of BCR-ABL1

A3 Acquired mutation or clonal marker or no reactive cause for fibrosis

B1 Leukoerythroblastic blood film B1 Palpable splenomegaly

B2 Increase in serum LDHa B2 Unexplained anemia

B3 Anemia B3 Tear-drop red cells

B4 Palpable splenomegaly B4 Leukoerythroblastic blood film

B5 Constitutional symptomsb

B6 Histological evidence of extramedullary
hematopoiesis

a Lactate dehydrogenase.
bWeight loss > 10% over 6 months, drenching sweats or diffuse bone pain.
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A proportion of patients diagnosed with chronic
phase ET or PV harbor increased levels of bone
marrow reticulin in the absence of other features of
PMF or myelofibrotic transformation. The presence of
reticulin fibrosis in patients with ET or PV should be
clearly distinguished from the clinical syndromes of PMF
and myelofibrotic transformation, both of which require
the presence of additional clinical and/or laboratory fea-
tures such as splenomegaly, anemia, circulating progen-
itors or tear-drop erythrocytes (Tables 14.3 and 14.6).

Immunocytochemistry: Immunocytochemical staining
may be useful in PMF to delineate the different myeloid
lineages within a disordered bone marrow. Staining for

myeloperoxidase andglycophorin (CD235)will highlight
the granulocytic and erythroid lineages respectively.
Staining with a megakaryocyte antibodies (e.g. CD41,
CD61 or Factor VIIIRAg) will highlight megakaryocyte
hyperplasia and pleomorphism, and often identifies
small or dysplastic megakaryocytes that may not be evi-
dent on hematoxylin and eosin staining. CD34 immu-
nostaining is useful to enumerate the proportion of
immature cells within the bone marrow in order to
exclude progression to acute leukemia. Abnormal mega-
karyocytes can be CD34-positive in PMF.

Cytogenetics: Chromosomal analysis, by G-banding of
FISH, can usually be performed on peripheral blood
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Figure 14.7. Primary myelofibrosis.
a. Blood film appearances in PMF, showing tear-drop erythrocytes and circulating myeloid and erythroid progenitors.
b. Bone marrow trephine biopsy showing hypercellularity, dysorganized hematopoiesis and tight clusters of dysplastic megakaryocytes.
c. Bone marrow trephine biopsy (Gomori silver stain) showing a coarse network of reticulin fibers (grade 4).
d. Bone marrow trephine biopsy showing hematopoietic cells within an expanded sinusoid.
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where bone marrow cannot be aspirated. Karyotypic
abnormalities are present in up to 50% of PMF patients
andmay be of prognostic significance (see below). CML
may occasionally present with bone marrow fibrosis
and should be excluded in all cases of suspected PMF
that are negative formutations in JAK2 andMPL, either
by chromosomal analysis or molecular testing for the
BCR-ABL1 fusion.

JAK2 and MPL mutation analysis: The JAK2 V617F
mutation is present in approximately 50% of PMF
patients, and testing is recommended in all suspected
cases. Mutations in MPL exon 10 are present in a
further 5–8% of cases, and testing is useful in JAK2
V617F-negative disease. JAK2 exon 12 mutations
have not yet been reported in patients with PMF,
however, myelofibrotic transformation of JAK2 exon
12-positive PV has been described.

Risk stratification and therapeutic
monitoring
The prognosis in PMF is highly variable, although
patients can be stratified by various clinical and labo-
ratory features (Table 14.8). Presence of a JAK2V617F
mutation predicts for decreased transfusion

requirement and higher white cell and platelet counts
compared with those with JAK2 wild-type disease.
JAK2 V617F-positive PMF has been associated with a
worse overall survival, although this remains con-
troversial. Mutations in MPL exon 10 predict for
increased transfusion requirements compared with
both JAK2 V617F-positive and JAK2/MPL mutation -
negative patients without a clear impact on survival.
Levels of circulating CD34+ progenitor cells provide
prognostic information in PMF, and may be enumer-
ated as a proportion of CD45+ leukocytes by flow
cytometry.

Since the identification of the JAK2 V617F muta-
tion, several small molecule inhibitors of JAK2 have
been tested in animal models and early clinical trials.
As JAK2 is the sole tyrosine kinase responsible for
signaling via the erythropoietin and thrombopoietin
receptors, JAK2 inhibition results in a predictable,
dose-dependent anemia and thrombocytopenia. As
such, JAK2 inhibitors have a narrow therapeutic
window which limits their clinical utility. JAK2 inhi-
bitor therapy commonly results in a reduction in
spleen size in PMF, with occasional patients achieving
independence from red cell transfusion. A proportion
of patients also report improvement in constitutional
symptoms, an effect that may be related to inhibition

Table 14.7 Causes of bone marrow fibrosis.

Myeloid malignancy
Primary myelofibrosis
Myelofibrotic transformation of essential thrombocythemia or
polycythemia vera
Accelerated phase of chronic myeloid leukemia
Myelodysplasia with fibrosis
Acute panmyelosis with fibrosis (a subtype of acute myeloid
leukemia)
Systemic mastocytosis

Other malignancy
Hairy cell leukemia
Secondary carcinoma

Bone disease
Hyperparathyroidism
Vitamin D deficiency (rickets and osteomalacia)

Autoimmune disease (e.g. systemic lupus erythematosus,
systemic sclerosis)

Previous radiotherapy

Gray platelet syndrome

Granulomatous disease (e.g. tuberculosis, sarcoid)

Table 14.8. Prognostic factors in primary myelofibrosis.

IWGMRT Scorea

(2009) [15]
Other indicators of poor
prognosis

Age > 65 years
Constitutional
symptomsb

Hemoglobin <10 g/dL
WBC count > 25 ×
109/L
Peripheral blood blast
count > 1%

WBC count < 4 × 109/L
Absolute monocytosis
Increased circulating CD34+ cells
Cytogenetic abnormalities (other than
del(20q) or del(13q))
JAK2 V617F mutation (not all studies)
Prior splenectomy

Number of risk factors (median survival):
0 risk factors: low risk
(135 months)
1 risk factor: intermediate-1
(95 months)
2 risk factors: intermediate-2
(48 months)
≥ 3 risk factors: high risk
(27 months)

a International Working Group for Myelofibrosis Research and
Treatment.
bWeight loss > 10%, unexplained fever or excessive sweats for
> 1 month.
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of JAK1 signaling and a consequent reduction in cyto-
kine secretion.

Response to therapy may be considered at the
clinical, hematological and bone marrow histological
levels [17]. For the majority of patients, however,
therapy is aimed at alleviating symptoms, with efficacy
judged by quality of life, full blood count and palpation
of the spleen. Further assessment of response may
be indicated in the setting of a clinical trial, and may
include radiological assessment of spleen size, exam-
ination of bone marrow histology or measurement of
mutant allele burden.

Disease progression and assessment for
bone marrow transplantation
Evolution to AML complicates around 30% of patients
with PMF, and is diagnosed in the presence of > 20%
blast cells in the peripheral blood or bone marrow.
The choice of further investigations will depend on
the general condition of the patient and whether
intensive therapy is being considered (see PV section
for a full discussion). A proportion of patients develop
progressive disease without transformation to acute
leukemia, often characterized by an increasing leuko-
cyte count, falling hemoglobin and progressive extra-
medullary hematopoiesis.

Allogeneic bone marrow transplantation (BMT) is
currently the only curative treatment for PMF, but avail-
ability is limited by the toxicity of this treatmentmodality
and the older age of most patients. Bone marrow
transplantation is generally reserved for those with
poor prognosis disease, and pre-transplant work-up
should include a full assessment of prognostic factors
(Table 14.8). In patients with JAK2- or MPL-positive
PMF, quantitation of mutant allele burden serves as a
simplemarker of disease control following BMT; suitable
techniques include real-time PCR or pyrosequencing.

Chronic eosinophilic leukemia

Epidemiology and pathogenesis
Chronic eosinophilic leukemia (CEL) is a rare disorder
characterized by peripheral blood eosinophilia, a
male predominance and variable end-organ damage
secondary to eosinophil degranulation. Themain chal-
lenge for the diagnostician is the separation of clonal
eosinophilia from the myriad reactive causes of a
raised eosinophil count (Table 14.9).

Chronic eosinophilic leukemia is characterized at
the molecular level by rearrangements involving the
receptor tyrosine kinases PDGFRA, PDGFRB or
FGFR1 [18]. Rearrangement of PDGFRA is seen in
20–50% of patients with persistent eosinophilia and
no secondary cause, and is due to a small intrachro-
mosomal deletion which fuses FIP1L1 to PDGFRA.
PDGFRB rearrangements, due to chromosomal trans-
location, are rare and heterogeneous, with over 20
different fusion partners reported. FGFR1-rearranged
disease is extremely rare and involves at least 12 dif-
ferent translocation partners.

Rearrangements of PDGFRA are associated with
proliferation of eosinophil and occasionally mast cell
lineages. PDGFRB-rearranged disease often involves
other myeloid lineages, and the disease may be classi-
fied as atypical chronic myeloid leukemia with eosino-
philia or chronic myelomonocytic leukemia with
eosinophilia. FGFR1-rearranged disease is associated
with a wide range of phenotypes, including CEL, AML
and lymphoblastic lymphoma, which often arise
sequentially within an individual patient.

Investigation and diagnosis
Diagnosis of CEL requires distinction from other mye-
loid malignancies and reactive conditions (Table 14.9).
The process of investigation will depend in part on the

Table 14.9. Causes of peripheral blood eosinophilia.

Infection, especially parasitic

Allergic and hypersensitivity disorders (including pulmonary
hypersensitivity)

Vasculitis and autoimmune disorders (e.g. Churg–Strauss
syndrome, rheumatoid arthritis)

Myeloid malignancy
Chronic eosinophilic leukemia
Myelodysplastic/myeloproliferative disorders
Chronic myeloid leukemia
Systemic mastocytosis
Acute myeloid leukemia

Lymphoid malignancy
T-cell lymphoma or occult T-cell clone
B-lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32);
IL3-IGH
Hodgkin lymphoma

Disseminated carcinoma

Idiopathic: hypereosinophilic syndrome
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clinical history and physical examination and may not
involve a hematologist at the outset (Table 14.10).
Patients with CEL may be diagnosed by chance or
with symptomatic complications of eosinophil degra-
nulation affecting the skin (urticaria, rashes), heart
(endomyocardial fibrosis and thrombosis), nervous
system (various manifestations: peripheral or central,
focal or generalized) or lung (pulmonary fibrosis, infil-
trates or pleural effusion). Of note, the presence of
end-organ damage is not specific for CEL and may
occur as a consequence of any cause of persistent
eosinophilia, be it clonal or reactive.

The presence of eosinophilia in association with
rearrangement of PDGFRA, PDGFRB or FGFR1 is

diagnostic of CEL according to WHO criteria
(Table 14.11). In the absence of one of these molecular
lesions, a diagnosis of CEL requires exclusion of other
MPNs that may be associated with eosinophilia
(especially CML) and causes of reactive eosinophilia,
including the presence of an occult T-cell clone. Even
if these disorders are excluded, CEL can only be diag-
nosed in the presence of either a clonal cytogenetic
abnormality (other than BCR-ABL1) or an increase in
blast cells in blood or bone marrow. Patients with
persistent eosinophilia without a secondary cause
who do notmeet criteria for CEL are currently classified
as hypereosinophilic syndrome (HES) (Table 14.11)
and this entity is therefore likely to be heterogeneous.
Hypereosinophilic syndrome patients should there-
fore be reassessed regularly for the presence of new
clinical or laboratory findings that may illuminate the
underlying diagnosis.

Blood film and bone marrow examination: The blood
count in CEL shows an elevated eosinophil count
usually with normal hemoglobin and platelet levels,

Table 14.10. Approach to the investigation of eosinophilia.

Patient history

Foreign travel
Medication (including
non-prescription)
Rashes

Animal contact
Systems review

Clinical examination

Respiratory
Cardiac
Lymphatic

Gastrointestinal
Nervous system

Stage one investigations

Blood count and blood
film
Inflammatory markers
Immunoglobulins
including IgE
Chest X-ray

Autoantibodies:
Nuclear, extractable nuclear
antigen and DNA antibodies
Anti-neutrophil cytoplasmic
antibodies
Rheumatoid factor

Foreign travel or émigré

Hot stool: ova, cysts and
parasites × 3
Strongyloides serology
Serology relevant to
specific area of travel

Stage two investigations: bone marrow studies

Bone marrow
morphology
FISH and/or molecular
studies:
PDGFRA rearrangement
BCR-ABL1
KIT D816V

Cytogenetic analysis by G-banding
T-cell studies:
T-cell receptor rearrangement
T-cell immunophenotype

Further investigations: end-organ damage

Lung function tests
ECG
Echocardiogram
Cardiac MRI

Table 14.11. World Health Organization classification of patients
with peripheral blood eosinophilia (> 1.5 × 109/L) [20].

Diagnostic entity Criteria

PDGFRA-rearranged
myeloid neoplasm with
eosinophilia

Detection of FIP1L1-PDGFRA in
blood or bone marrow by
molecular or cytogenetic
technique

PDGFRB-rearranged
myeloid neoplasm with
eosinophilia

Detection of PDGFRB-
rearrangement

FGFR1-rearranged myeloid
neoplasm with
eosinophilia

Detection of FGFR1-
rearrangement

Chronic eosinophilic
leukemia

1. No reactive eosinophilia (see
Table 14.9)

2. No other myeloid or lymphoid
malignancy

3. No T-cell population with
clonal TCR or aberrant
phenotype

4. Either clonal bone marrow
abnormality or increased
blasts in peripheral blood
(2–19%) or bone marrow
(6–19%)

Hypereosinophilic
syndrome

Meets above criteria 1–3 but not
criteria 4

TCR = T-cell receptor.
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although anemia and thrombocytopenia may be
present in late-stage disease or where there is signifi-
cant splenic enlargement. Levels of neutrophils and/or
monocytes may also be increased, particularly in asso-
ciation with rearrangement of PDGFRB. On blood film
examination, eosinophils may show abnormal mor-
phology including hypersegmented nuclei (three or
more segments), ring nuclei or partial loss of cytoplas-
mic granules (Figure 14.8a), although none of these
features reliably distinguish CEL from reactive causes

of eosinophilia. Dysplasia in non-eosinophil lineages
and/or the presence of circulating primitive cells are
suggestive of a clonal blood disorder.

Bone marrow studies are recommended in cases of
persistent eosinophilia where other causes have been
excluded (Table 14.9). The bone marrow aspirate in
CEL shows an increase in eosinophils at all stages of
maturation, with eosinophil myelocytes often showing
prominent basophilic granulation (Figure 14.8b). An
increase in neutrophil and/or monocyte lineages with
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Figure 14.8. PDGFRA-FIP1L1-positive chronic eosinophilic leukemia.
a. Blood film showing partially degranulated eosinophils.
b. Bone marrow aspirate showing increased eosinophil precursors and occasional mast cells (arrow).
c. Bone marrow trephine biopsy stained with CD117 highlighting a diffuse infiltrate of mast cells, some with spindle-shaped morphology.
d. Metaphase FISH showing a normal chromosome 4q signal (white arrow) and loss of the red probe on the other chromosome 4q (red arrow)
due to an interstitial deletion resulting in a PDGFRA-FIP1L1 fusion. Courtesy of Bridget Manasse, Addenbrooke’s Hospital, Cambridge, UK.
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or without dysplasia may also be seen, especially in
association with rearrangement of PDGFRB. The tre-
phine biopsy appearances are similar to the aspirate,
with a variable increase in overall cellularity. An increase
inmast cellsmay also be evident, especially in PDGFRA-
rearranged disease, generally as a scattered infiltrate
of morphologically normal cells (Figure 14.8c). In
some cases focal mast cell infiltrates may be seen,
for example surrounding blood vessels, and rare cases
of FIP1L1-PDGFRA-associated disease may meet
morphological criteria for systemic mastocytosis.
Similar to the peripheral blood film, bone marrow eosi-
nophil morphology alone is generally unable to distin-
guish clonal from reactive conditions, although the
presence of dysplasia in non-eosinophil lineages or an
increased blast count favors a clonal proliferation.

Cytogenetics: Chromosomal analysis is recommended
in all cases of suspected CEL. G-banding analysis will
detect rearrangements of PDGFRB and FGFR1,
although the FIP1L1-PDGFRA fusion is inapparent
due to the small size of the intrachromosomal deletion
and requires FISH (Figure 14.8d) or molecular
detection (RT-PCR for the fusion transcript, which
can also be performed on peripheral blood). FISH
probes are also available for the detection of
PDGFRB-rearrangements. CML, which may occasio-
nally present with a predominant eosinophil prolifer-
ation, can be excluded by G-banding, FISH studies
or molecular analysis for the BCR-ABL1 fusion.
Acquired karyotypic abnormalities such as trisomy
8 or isochromosome 17q may be seen in CEL and
establish the presence of clonal hematopoiesis.

T-cell receptor gene rearrangement: Occult clonal
T-cell proliferations are a recognized cause of eosino-
philia, often in association with skin rashes and a
raised serum IgE but without palpable lymphadeno-
pathy. Molecular analysis of bone marrow for clonal
rearrangement of the T-cell receptor is therefore rec-
ommended in cases lacking rearrangements of
PDGFRA/B or FGFR1. T-cell immunophenotyping
should also be considered, particularly when a lym-
phocytosis is detected in the aspirate sample.

Risk stratification and therapeutic
monitoring
Therapy for CEL is aimed primarily at protecting
patients from the long-term complications of a raised

eosinophil count, particularly end-organ damage to
the heart and lungs. Baseline investigation of the
heart (cardiac MRI or echocardiogram) and lungs
(lung function testing with or without CT imaging)
may be indicated in the presence of relevant symptoms
or clinical signs. There may also be a role for repeating
cardiac and respiratory investigations at regular
intervals (e.g. every 1–3 years) although this will be
guided by response to therapy of the individual patient.

PDGFRA and PDGFRB are both inhibited by the
tyrosine kinase inhibitor imatinib. Imatinib therapy in
disorders carrying rearrangements of PDGFRA/B gen-
erally results in a prompt and sustained normalization
of the eosinophil count. Monitoring of therapeutic
response by bone marrow FISH studies should be con-
sidered for all imatinib-treated patients, for example
every 6 months until complete cytogenetic remission
is achieved. Molecular quantitation of the FIP1L1-
PDGFRA fusion is also possible using bone marrow or
peripheral blood, and may be used to monitor response
to therapy once complete cytogenetic remission has
been achieved. Disease relapse on imatinib has been
reported in patients with PDGFRA-rearranged CEL,
due to acquisition of mutations in FIP1L1-PDGFRA
resulting in decreased imatinib sensitivity.

Disease progression
PDGFRA- and PDGFRB-rearranged CEL both carry
a good prognosis, with AML transformation reported
only rarely, and imatinib therapy providing protection
from eosinophil-associated end-organ damage. FGFR1
is not inhibited by imatinib or other currently available
tyrosine kinase inhibitors. Moreover this condition is
associated with a dismal prognosis, with progression to
AML or development of lymphoblastic lymphoma
almost invariable within a year of diagnosis. Early allo-
geneic bone marrow transplantation is the only useful
treatment modality currently available, although small
molecular inhibitors of FGFR1 are under development.

Systemic mastocytosis

Epidemiology and pathogenesis
Systemic mastocytosis (SM) is characterized by focal
proliferations of neoplastic mast cells in bone marrow,
skin and various other organs. The annual incidence
of this rare condition is less than 1 per 1 000 000
population. Clinical manifestations are heterogeneous
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and include skin rashes, mediator-related symptoms
(hypotension/syncope, diarrhoea, flushing and ana-
phylaxis) and end-organ damage (bone marrow fail-
ure, bone destruction, liver failure, splenomegaly with
hypersplenism and gastrointestinal malabsorption).
Organ failure is the main source of morbidity and
mortality, although a minority of patients develop
AML. Acquired mutations in KIT are present in the
vast majority of SM patients, comprising KIT D816V
in 90%, other variants at D816 in 5–10%, and changes
at I817 and D820 in occasional patients.

Table 14.12. Causes of bone marrow mastocytosis.

Myeloid malignancy
Systemic mastocytosis
Mast cell leukemia
Chronic eosinophilic leukemia

Lymphoproliferative disorders

Chronic infection or inflammation

Aplastic anemia/paroxysmal nocturnal hemoglobinuria

Familial mastocytosis

Indolent

Indolent systemic mastocytosis

Aggressive systemic mastocytosis

Cutaneous mastocytosis

Extracutaneous mastocytosis

Mast cell sarcoma

Mast cell leukemia

SM with associated other myeloid
malignancy (SM-AHNMD)6

Localized

Aggressive1

Mast cell
disease

Bone marrow
mast cells ≥20%4

Systemic2

Bone marrow
mast cells <20%

No associated
MPN/MDS

End-organ
damage5

1Evidence of tissue destruction
2Meeting WHO criteria for systemic mastocytosis (Table 14.13)
3Meeting WHO criteria for systemic mastocytosis and a separate myeloproliferative or myelodysplastic neoplasm
4Or peripheral blood mast cells ≥10%
5Evidence of impaired bone marrow or liver function, osteolytic lesions, pathological fractures, splenomegaly with
hypersplenism or malabsorption
6SM-AHNMD: Systemic mastocytosis with associated clonal, hematological non-mast-cell lineage disease

No end-organ
damage

Associated
MPN/MDS3

Figure 14.9. Algorithm for the diagnosis of neoplastic mast cell disorders.
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Investigation and diagnosis
Demonstration of tissue infiltration by abnormal
mast cells is key to the diagnosis of SM. The nature
of the tissue examined will depend on the presenting
features and may include skin, liver or bone marrow.
In the bone marrow, low-level mast cell infiltrates,
generally with normal morphology, can occasionally
be seen in some reactive and lymphoproliferative dis-
orders (Table 14.12). In SM typical appearances in
tissue and bone marrow biopsies comprise multifocal,
dense infiltrates of mast cells with abnormal spindle-
shaped morphology. The subclassification of mast cell
disease depends on the extent of the disease (local
versus generalized), the presence or absence of a
non-mast-cell hematopoietic proliferation and the
presence of end-organ damage (indolent versus
aggressive disease) (Figure 14.9 and Table 14.13). In
patients presenting with skin disease (most commonly
urticaria pigmentosa) in the absence of systemic symp-
toms or features of end-organ damage, further inves-
tigation may not be required. In this situation,
measurement of serum tryptase may be useful as con-
sistently raised levels generally indicate the involve-
ment of other organs (see below).

Blood film and bone marrow examination: The blood
film in SM may be normal or show features of an
accompanying myeloproliferative or myelodysplastic/
myeloproliferative neoplasm (see below). The pres-
ence of ≥ 10% mast cells in the blood indicates a
diagnosis of mast cell leukemia, a rare disorder that

may occur de novo or as a complication of SM. Bone
marrow studies are recommended in all cases where an
abnormal mast cell infiltrate has been identified on
tissue biopsy, in order to correctly stage the extent of
the disease. In cases where the bone marrow is infil-
trated, abnormal mast cells showing angular nuclei
and hypogranular cytoplasm may be present in small
numbers in the bone marrow aspirate, although they
often remain trapped within bone marrow particles
(Figure 14.10a).

Bone marrow trephine histology is one of the
major diagnostic criteria for systemic mastocytosis
(Table 14.13). In systemic mastocytosis there are
multifocal dense clusters of spindle-shaped cells with
surrounding collagen fibrosis and a cuff or central

Table 14.13. World Health Organization criteria for the
diagnosis of systemic mastocytosis [20].

A1 + any B criterion or any three B criteria

A1 Multifocal, dense mast cell infiltrates (≥ 15 mast cells) in
bone marrow and/or extracutaneous organs

B1 Greater than 25% of mast cells show atypical morphology
(spindle-shaped or immature)

B2 Acquired mutation at KIT D816 in blood, bone marrow or
extracutaneous organ

B3 Mast cells express CD2 and/or CD25

B4 Serum tryptase > 20 ng/mL (only in absence of an
associated clonal myeloid disorder)

ba

Figure 14.10. KIT D816V-positive systemic mastocytosis.
a. Mast cells in a bone marrow aspirate showing hypogranular mast cells and spindle-shaped morphology.
b. Bone marrow trephine biopsy showing mast cells embedded in collagen fibrosis adjacent to normal hematopoiesis.
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core of mature lymphocytes (Figure 14.10b). This
differs from reactive conditions where the mast cells
are morphologically normal and appear as scattered
isolated forms. Mast cells can be highlighted by
staining with Giemsa or toluidine blue stains
(although malignant mast cells may stain poorly in
decalcified tissues due to degranulation), or immuno-
staining for mast cell tryptase or the KIT receptor
CD117. Immunostaining for CD2 and CD25 is also
recommended, as aberrant expression of one or both
of these antigens is typical of neoplastic mast cells.
Between the mast cell clusters, the bone marrow may
appear normal or hypercellular. Eosinophils are often

increased, either within the mast cell infiltrates or
throughout the marrow cavity. Bone destruction
and/or new bone formation may also be present.

In approximately 30% of cases, the bone marrow
mast cell infiltrate is associated with features of a
coexisting myeloproliferative or myelodysplastic/
myeloproliferative neoplasm, referred to in the WHO
classification as ‘systemic mastocytosis with associated
clonal, hematological non-mast-cell lineage disease’
(SM-AHNMD). The accompanying myeloid prolif-
eration, most commonly resembling chronic myelo-
monocytic leukemia (CMML) or atypical chronic
myeloid leukemia (aCML, Figure 14.11), is classified

ba

dc

Figure 14.11. Systemic mastocytosis with atypical chronic myeloid leukemia in a bone marrow trephine biopsy.
a. Hematoxylin and eosin (H&E) stain showing diffuse hypercellularity with patchy areas of enhanced eosinophilia.
b. Higher power view (H&E stain) showing granulocytic hyperplasia in the diffusely hypercellular areas; these are the chronic myeloid leukemia.
c. The eosinophilic areas in the H&E are mast cells, as highlighted by strong CD117 positivity.
d. The surrounding granulocytic hyperplasia is highlighted by myeloperoxidase (MPO) staining.
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independently of the mast cell disease according to
standard criteria.

A generalized increase in bone marrow mast
cells may also be seen in patients with FIP1L1-
PDGFRA-positive CEL (see above). In most cases, the
mast cells are scattered throughout the bone marrow
(Figure 14.8c), although in occasional cases they may
form clusters or show spindle-shaped morphology,
such that a diagnosis of systemic mastocytosis is sus-
pected. Testing for the FIP1L1-PDGFRA fusion, either
by cytogenetic or molecular techniques, is therefore
recommended in cases of suspected SM that are
negative for mutations in KIT.

Cytogenetics: Clonal cytogenetic abnormalities
are occasionally detected, usually in patients with
SM-AHNMD, and include +8, −7/7q, −5/5q and
other non-specific myeloid-associated aberrations.
Cytogenetic analysis can therefore be restricted to
cases with an associated myeloid proliferation. For
the sake of efficiency, a reasonable approach would
be to use a panel of FISH probes to detect common
myeloid-associated abnormalities (e.g. 5q, 7q, chro-
mosome 8 and 20q).

KITmutation analysis: Testing for KITmutations can
be performed on bone marrow or other tissues where
an abnormal mast cell infiltrate has been detected. The
method used should be of suitable sensitivity as the
burden of clonal disease in bone marrow is often low;
for this reason testing of peripheral blood is not advis-
able due to the risk of false negative results. Testing for

the common KITD816Vmutation is recommended in
all cases, and a search for other KITmutations may be
considered in negative cases. A proportion of patients
with an accompanying myeloid disorder, particularly
those with CMML, harbor both a JAK2V617F andKIT
D816V mutation. Of note, in a case of SM with asso-
ciated ET, mutations in JAK2 and KIT were present
in separate clonal proliferations (Figure 14.12) [9].
It is likely, therefore, that SM-AHNMD represents
morphologically apparent oligoclonal disease, as has
been suggested for RARS-T (see ET section).

Acquired mutations affecting a different region of
KIT (codons 550–584) are associated with gastro-
intestinal stromal tumors (GIST). Of interest,
inherited mutations in this region (e.g. del559–560)
give rise to a rare autosomal dominant syndrome
characterized by coexisting GIST andmast cell disease,
although occasionally patients present with mast
cell disease in isolation. A family history of gastrointes-
tinal tumors or mast cell disease should therefore be
sought in young patients presenting with KIT D816V-
negative SM.

Although native KIT is inhibited by the tyrosine
kinase inhibitor imatinib, mutations at D816 render
the receptor resistant to this agent. Second-generation
tyrosine kinase inhibitors such as dasatinib show activ-
ity against mutant KIT in vitro; however, results from
clinical trials have been disappointing. Newer mole-
cules with improved activity are under development.
Where SM is diagnosed in the absence of a KITmuta-
tion, a trial of imatinib may be considered if therapy is
required. Inherited KITmutations retain sensitivity to
imatinib, and a trial of imatinib may be considered for
those with familial mastocytosis should therapy
become necessary.

Serum tryptase: Measurement of serum tryptase is
recommended in all cases of suspected SM. It should
be noted that allergic reactions are associated with
an increase in serum tryptase that may take several
days to return to normal. Serum tryptase level may
be normal when the disease is restricted to the
skin but is generally increased if other organs are
involved.

End-organ damage: Screening for end-organ damage
should be guided by patient symptoms and physical
examination, and may included a skeletal survey, dual
energy X-ray absorptiometry (DEXA) scan or radio-
logical assessment of liver and spleen.

Figure 14.12. Systemic mastocytosis with essential
thrombocythemia, showing a coexisting mast cell infiltrate (red
arrow) and large, hyperlobated megakaryocytes (blue arrow). In this
patient, KITD816V and JAK2 V617Fmutations were present in distinct
clonal expansions [9]. Courtesy of Dr. Jonathan Cullis, Salisbury
District Hospital, UK.
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Risk stratification and therapeutic
monitoring
The prognosis in SM is highly variable. Patients with
indolent SM (SM without evidence of end-organ dam-
age) appear to have a normal life expectancy. The
absence of skin disease correlates with widespread
organ infiltration and is associated with reduced
survival. Other indicators of poor prognosis include
anemia, thrombocytopenia, hypoalbuminemia, weight
loss, eosinophilia or >5%mast cells in the bone marrow
aspirate. The prognosis of any accompanying non-
mast-cell lineage myeloid disease (SM-AHNMD)
should also be considered as this may impart a poor
prognosis to a patient with otherwise indolent mast cell
disease.

Therapy is aimed at alleviating the symptoms of
mediator release and inhibiting the mast cell prolif-
eration in patients with evidence of end-organ dam-
age. Response to treatment is generally assessed by
patient symptoms and evidence of end-organ damage
[19]. Routine reassessment of bone marrow histology
is not routinely indicated outside the setting of a clin-
ical trial. Serum tryptase levels correlate with disease
burden and serial assessment may provide a useful
proxy for therapeutic efficacy.

An integrated approach to the
diagnosis of myeloproliferative
neoplasms
The recent past has witnessed considerable advances
in our understanding of the molecular basis of MPNs.
These insights have led to the development of new
diagnostic tests and an improved understanding of
the relationship between the different disease entities.
These advances are perhaps most evident in the diag-
nostic process, where the emphasis is shifting away
from histological criteria and towards a molecular

approach to disease classification. Testing for molec-
ular lesions is now recommended as first line in the
investigation of most MPNs, and in many cases it is
possible to make a precise diagnosis from a simple
blood test. Using this approach, molecular diagnostic
tests are applied sequentially, depending on the nature
of the blood count abnormality (Figure 14.13). Testing
for mutations can be performed on DNA or comple-
mentary DNA (cDNA) depending on the specific assay
used, with screening for fusion genes such as BCR-
ABL1 or PDGFRA-FIP1L1 requiring cDNA. Adequate
amounts of both DNA and cDNA can easily be
obtained from a 5–10 mL sample of anticoagulated
peripheral blood. Such samples are usually stable for
24–48 hours, facilitating referral to a central diagnostic
laboratory.

There are several advantages to using molecular
diagnostics as first-line tests in the investigation of a
suspected MPN. First, molecular investigations are
generally quick and simple to perform, and turn-
around times can be kept short. Second, molecular
testing is relatively cheap, and a positive test may
obviate the need for more expensive investigations
such as cytogenetic studies. Third, the algorithm
allows for reflex testing if the first-line study is neg-
ative, further speeding up the diagnostic process.
Finally, newly characterized pathogenetic lesions can
easily be incorporated into the investigation algo-
rithm. Overall, this approach is likely to save on physi-
cian time, patient visits to the out-patient department
and the overall cost of the diagnostic process.
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15 Myelodysplastic syndromes
and myelodysplastic/myeloproliferative
neoplasms
Raphael Itzykson, Hervé Roudot and Pierre Fenaux

Myelodysplastic syndromes and
myelodysplastic/myeloproliferative
neoplasms
Myelodysplastic syndromes (MDS) are a group of
clonal disorders of the hematopoietic stem cell (HSC)
characterized by ineffective hematopoiesis. This leads
to peripheral blood cytopenias, and an excess of
marrow blast cells. In some cases this can progress to
acute myeloid leukemia (AML). Myelodysplastic
syndromes are thought to result from the accumula-
tion of genetic or epigenetic lesions (such as promoter
hypermethylation) initially in a very immature pro-
genitor cell. This leads to a proliferative advantage of
the MDS clone over normal immature progenitors.
MDS lineage-committed progenitors display both
abnormal terminal differentiation and an increased
susceptibility to apoptosis. These two features explain
the clinical consequences of blast cell accumulation
and peripheral blood cytopenias [1].

The diagnosis of MDS is generally suggested by
the presence of peripheral blood (PB) cytopenias.
However, the diagnosis requires the integration of
the blood manifestations with the clinical history
and physical examination. Although the etiology of
MDS is generally unknown, antecedent cytotoxic
therapy or radiation exposure and congenital bone
marrow failure syndromes can predispose to MDS.
Physical examination is in general normal in MDS,
while splenomegaly can be found in myelodysplastic/
myeloproliferative neoplasms (MDS/MPN). Careful
morphological review of bone marrow for dysplasia
is central to the diagnosis of MDS and MDS/MPN,
and cytogenetic analysis for prognosis. Molecular

genetics and flow cytometry assays are under evalu-
ation, and, in future, may provide information for
further refinement of the prognosis. The specific fea-
tures of each of these diagnostic modalities will be
discussed.

The classification of MDS has undergone signifi-
cant changes over the past 30 years. Prior to the
introduction of the first international classification
in 1982 by the French American British (FAB)
group, a number of descriptive terms were used to
describe MDS [2]. The FAB classification provided
an internationally accepted nomenclature. This was
revised by a WHO expert committee in 2001, and
again in 2008, to include novel features which refined
MDS prognosis, e.g. multi-lineage dysplasia [3,4].
The WHO classification lowered the bone marrow
blast cell threshold for AML from 30% to 20%, and
introduced the term MDS/MPN to encompass a
heterogeneous set of entities previously included in
MDS (including chronic myelomonocytic leukemia –
CMML). MDS/MPN share MDS features, such as
marrow dysplasia and peripheral cytopenias, but
also have proliferative characteristics of hyperleuko-
cytosis, organomegaly, and underlying genetic lesions
in cell proliferation pathways, notably in the Ras
pathway.

Prognostic evaluation of MDS largely relies on an
International Prognostic Scoring System (IPSS). This
was established on the basis of an international cohort
of patients (IMRAW cohort) that was managed symp-
tomatically. The IPSS utilizes the number of cyto-
penias, the percentage of blast cells in the marrow,
and cytogenetics. From this the IPSS separates
patients into four risk categories (low, intermediate-1,
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intermediate-2, and high) (Table 15.1) [5]. The IPSS
has since been validated in patient cohorts receiving
active treatments, including intensive chemotherapy
and allogeneic stem cell transplantation. IPSS categor-
ies are often grouped into “lower-risk”MDS (IPSS low
and intermediate-1), and “higher-risk” MDS (IPSS
intermediate-2 and high). Lower-risk MDS are
patients with prolonged survival and where the main
objective is to manage chronic cytopenias, notably
anemia; for this group of patients aggressive treat-
ments, especially allogeneic stem cell transplantation
(ASCT) should be deferred. In higher-risk MDS,
treatments aimed at altering the disease history and
prolonging survival, such as ASCT and the hypo-
methylating agent azacytidine, are required [6].
Alternative prognostic classifications have been pro-
posed to better capture the heterogeneity of “lower-
risk” MDS [7]. One of these uses a score based on the
WHO classification (WHO-based prognostic scoring
system, WPSS). In this approach red blood cell
(RBC) transfusion requirements and bone marrow
multi-lineage dysplasia are substituted for the number
of cytopenias utilized by the IPSS, and, the relative
contribution of cytogenetics compared with blast
percentage is also modified [8].

Diagnostic criteria for MDS and MDS/MPN
Three criteria must be met for the diagnosis of MDS:

1. Persistent (>6 months) and significant cytopenia(s)
i.e. Hb <10 g/dL, absolute neutrophil count (ANC)
<1.8 × 109/L and platelets <100 × 109/L.

2. Significant bone marrow dysplasia, or blast excess
or a typical cytogenetic abnormality.

3. Exclusion of differential diagnoses [9].

The term “idiopathic cytopenias of undetermined
signification” (ICUS) has been coined for cases
when the cytopenias or dysplasias do not reach the
diagnostic thresholds required to diagnose MDS and
differential diagnoses have been excluded. The nat-
ural history of ICUS remains unclear, but as it may
evolve into MDS, blood and bone marrow monitor-
ing is indicated. Some criteria have been proposed
to identify those ICUS cases that are bona fide MDS,
but none has been prospectively validated [10].

Benign secondary dysplasias must be distinguished
from primary MDS. Common causes include:

1. Vitamin deficiency, such as megaloblastic anemias
due to folate deficiency or hydroxycobalamin
deficiency.

2. Copper deficiency.
3. Toxic exposure including to heavy metals, such as

chronic arsenic exposure, or excessive zinc
supplementation.

4. Drugs: anti-folate drugs, mycophenolate mofetil
and growth factors such as G-CSF.

5. Viral infections such as HIV-associated
myelodysplasia [11].

Some cases of MDS display erythroid hypoplasia,
requiring other causes of erythroblastopenia to be
excluded (e.g. parvovirus B19 infection, congenital
dyserythropoietic anemia). Lymphoproliferative disor-
ders such as hairy cell leukemia, or large granular

Table 15.1. International Prognostic Scoring System (IPSS) [5].

Score 0 0.5 1 1.5

Cytopenias 0–1 2–3

% bone marrow blasts <5% 5–10% 11–19%

Karyotype Favorable Intermediate Unfavorable

IPSS group Low Intermediate-1 Intermediate-2 Unfavorable

Score 0 0.5–1 1.5−2 2.5+

Proportion of patients 33 38 22 7

Overall survival (median, years) 5.7 3.5 1.2 0.4

Time to AML (median, years) 5.7 2.7 0.95 0.3
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lymphocytic leukemia can also present as isolated
cytopenias; these can be excluded on morphology and
flow cytometry. Hyperleukocytosis of MDS/MPN, with
or without mild monocytosis, must be distinguished
from secondary causes as seen in inflammation, infec-
tion (e.g. tuberculosis) or carcinoma.

Peripheral blood and bone marrow
morphology in MDS and MDS/MPN
Peripheral blood
Red cells: Dysplastic features in the peripheral blood
are often the first indicator of MDS (Table 15.2). The
majority of MDS patients (80–90%) present with
normocytic or macrocytic, non-regenerative anemia
(without polychromasia) and which is frequently
isolated. Very rarely MDS can present with a hypo-
chromic microcytic anemia resulting from acquired
hemoglobin H disease which is caused by somatic
mutations in the ATRX gene (“α-thalassemia MDS”
[12]). Intramedullary apoptosis from ineffective
erythropoiesis can cause increased lactate dehydro-
genase and hyper-bilirubinemia. Rarely, hemolysis
can occur in MDS from acquired pyruvate kinase defi-
ciency or from a Paroxysmal Nocturnal Hemolysis
(PNH) clone. Erythroid dysplasia can cause elevated

hemoglobin F and loss of ABO antigens; the latter can
lead to blood grouping difficulties and discrepancies
between forward and reverse groups.

Leukocytes and platelets: Isolated thrombocytopenia
and neutropenia are less common inMDS than isolated
anemia. Thrombocytopenia (25% cases) can be accom-
panied by decreased platelet function; when platelet
numbers and bleeding symptoms are discordant, plate-
let aggregation tests may be indicated. Immune throm-
bocytopenia may occur in MDS, and this can be
assessed by isotopic platelet labeling. Thrombocytosis
is associated with particular genetic lesions, including
deletion 5q, 3q26 anomaly and JAK2 mutations.
Neutropenia (~50% cases) in MDS is commonly
accompanied by impaired neutrophil function, such as
chemotaxis, phagocytosis and reduced bactericidal
power. Circulating blast cells are frequent in MDS
cases with excess marrow blast cells. However, even in
lower-risk MDS, small numbers of blasts (1–2%) can be
seen in the blood and these are prognostically mean-
ingful [13]. These above-mentioned peripheral blood
numerical and morphological abnormalities may sug-
gest MDS but are insufficient on their own to make a
diagnosis. A bone marrow examination is required to
make the diagnosis of MDS.

Myelodysplastic/myeloproliferative neoplasms
should be considered when there is coexistence of
hyperleukocytosis with cytopenias and dysplastic
morphological features. Monocytosis of >1 × 109/L
(and representing >10% WBC) with neutrophilia and
<10% neutrophil precursors is suggestive of CMML
or its juvenile form (JMML), while presence of >10%
immature myeloid progenitors is found in atypical
chronic myeloid leukemia (aCML). Blast cells may
also be seen in the circulation in CMML, JMML and
aCML but these make up less than 20% of leukocytes.

Bone marrow aspirate cytology
Cytological examination of aspirated bone marrow is
essential to make a diagnosis of MDS. The bone mar-
row trephine (BMT) biopsy is useful to assess overall
marrow cellularity and to evaluate the presence of
fibrosis. Optimal diagnosis requires well-prepared
bone marrow smears stained with May–Grünwald
Giemsa (MGG) and Perls’ stains, and morphological
expertise. Increasing the number of analyzed cells
improves the reproducibility of dysplasia assessment
and reduces the confidence interval of blast percentage
[14]. Consensus thresholds are:

Table 15.2. Dysplastic features of peripheral blood and bone
marrow according to World Health Organization diagnostic
criteria [90].

Dyserythropoiesis Dysgranulopoiesis

Nucleus Small or unusually large size

Budding Nuclear hypolobation (pseudo-
Pelger–Huët)

Internuclear bridging Irregular hypersegmentation

Karryorhexis Hypogranularity, agranularity

Multinuclearity Pseudo-Chediak–Higashi granules

Hyperlobulation Auer rods

Megaloblastosis

Cytoplasm Dysmegakaryopoiesis

Ring sideroblasts Micro-megakaryocytes

Vacuolization Hypolobated nucleus

Periodic acid Schiff
positivity

Multi-nucleation
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1. Blood: 200 leukocytes and 500 if circulating blast
cells are present (this may require a buffy coat
preparation).

2. Bone marrow (MGG stain): 500 nucleated cells,
including at least 100 non-erythroid cells and 30
megakaryocytes.

3. Perls’ Prussian Blue stain: 100 erythroid cells.

The various aspects of bone marrow examination
(detailed below) can be integrated to diagnose and
classify MDS and MDS/MPN according to WHO
criteria (MDS: Table 15.3; MDS/MPN: Table 15.4).

Dysplasia: Presence of dysplasia is the first key crite-
rion for the diagnosis of MDS and MDS/MPN and for
determining prognosis. Dysplastic changes are often,
but not always, correlated to the blood cytopenias. A
given lineage is considered dysplastic if two or more
dysplastic features are found on ≥ 10% cells. Typical
bone marrow dysplastic features are summarized in
Table 15.2. Multi-lineage dysplasia is defined as the
coexistence of dysplasias in two or more lineages.
Multi-lineage dysplasia cases frequently have excess
blasts. However, multi-lineage dysplasia defines a sub-
group ofMDS patients without blast excess who have a
worse prognosis [8].

Ring sideroblasts: Ring sideroblasts are defined
as sideroblasts with ≥ 5 siderotic granules surrounding

at least one third of the nuclear circumference [15].
They are not specific for MDS as they can also be seen
in a variety of conditions including alcohol consump-
tion, copper deficiency or zinc excess and X-linked
recessive inherited sideroblastic anemia. Ring sidero-
blasts are considered significant when they represent
>15% of erythroid cells; this is a common finding
in MDS with excess blasts. In the absence of excess
blasts, ring sideroblasts define an entity with a favor-
able prognosis, termed “refractory anemia with ring
sideroblasts” (RARS). Perls’ staining can also reveal
increased macrophage storage iron in MDS, mainly
resulting from ineffective erythropoiesis or chronic
red blood cell transfusions.

Other features: Auer rods have historically been rec-
ognized as a poor prognostic marker in MDS and
remain so in the current WHO classification. Some
morphological features are strongly suggestive of a
specific underlying cytogenetic or genetic aberration.
For example, characteristic dysgranulopoiesis com-
bining pseudo-Pelger-Huët anomaly and small vacuo-
lated neutrophils is associated with 17p deletions
and p53 tumor suppressor gene mutations [16]. The
“5q– syndrome”, recognized by the WHO classifica-
tion as a distinct entity, also has a distinct morphology
(see below). Finally, the very rare cases presenting
as MDS/MPN with marrow eosinophilia often have
rearrangements of the PDGFβ receptor, and are

Table 15.3. World Health Organization classification of myelodysplastic syndromes (MDS) [90].

Feature RCUD RARS RCMD RAEB-1 RAEB-2 MDS-U del(5q)
syndrome

Cytopenias 1 (rarely 2) Anemia 1+ 1+ 1+ 1+ 1+

Peripheral blood
blast cells

<1% 0 <1% <5% 5–19% <1% <1%

Bone marrow
dysplasia

1 Erythroid only 2+ 1+ 1+ <10%
lineage

typical

Ring sideroblasts <15% >15% < or >15% < or >15% < or >15% <15% <15%

Bone marrow
blast cells

<5% <5% <5% 5–9% 10–19% <5% <5%

Cytogenetics Often
normal

Often normal Any Any Any Typical
of MDS

Isolated
del5q

RCUD = Refractory cytopenia with uni-lineage dysplasia.
RARS = Refractory anemia with ring sideroblasts.
RCMD = Refractory cytopenia with multi-lineage dysplasia.
RAEB = Refractory anemia with excess blasts.
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considered as specific entities because of their sensi-
tivity to the tyrosine kinase inhibitor imatinib [17].

Granulo-monocytic proliferation: In MDS/MPN
there is bone marrow hypercellularity with striking
granulocytic proliferation which parallels the blood
hyperleukocytosis. It should be noted that in the
bone marrow, the monocytic proliferation of
CMML/JMML can be difficult to identify on morpho-
logy alone. The identification of the monocytic
progenitors in the marrow may require the use of
esterase cytochemical staining or immunocytochem-
istry utilizing markers of the monocytic lineage.
In CMML/JMML, dysplasia is mainly present in the
granulocytic lineage but can affect other lineages, result-
ing in macrocytic or normocytic anemia or thrombo-
cytopenia. In atypical CML the morphology and
presentation can mimic that of typical CML, except
for the invariable presence of dysgranulopoiesis.

Blast cell count: Precise enumeration of bone
marrow blast cells is the second central criterion for
diagnostic and prognostic classification of MDS.
Blasts are defined by a high nuclear : cytoplasmic
ratio and diffuse chromatin pattern, and can be “agran-
ular” (B1) or “granular” (B2) (see also Table 15.4) [15].
A third class of blasts (B3), defined by the presence of
numerous (>20) azurophilic granules, should be
included in the blast percentage; these can be
distinguished from promyelocytes by the lack of a
Golgi structure [18]. In the setting of erythroid
hyperplasia (i.e. when erythroid lineage cells make
up >50% of nucleated cells), the denominator for
the blast cell percentage is the total of non-erythroid
cells. Peripheral blood and bone marrow blast
counts in CMML/JMML should include promono-
cytes (but not promyelocytes) [19], and these are of
prognostic significance in CMML.

Table 15.4. World Health Organization criteria for myelodysplastic/myeloproliferative neoplasms (MDS/MPN) [90].

Diagnostic feature CMML-1 CMML-2 aCML JMML MDS/MPN-U RARS-T

Peripheral blood
monocytes

>1 × 109/L <10% >1 × 109/L

Left shift and myelocytes <10% >10% a

Leukocytes (× 109/L) Any >13 >10a >13a

Platelets (× 109/L) >450 × 109/La >450 × 109/L

Peripheral blood blasts <5% 5–19% <20% <20%

Ring sideroblasts >15% No No No Yes

Bone marrow blasts <10% 10–19% <20% <20%

Dysplasia One or +a Dysgranulopoiesis Yesa

t(9;22) or BCR-ABL1 fusion No No No No No

PDGFRA/B
rearrangement

No No No No

Cytogenetics −7a

Gene mutation PTPN11
RAS
NF1

JAK2 V617F

GM-CSF progenitor
hypersensitivity

Yesa

aMinor diagnostic criteria.
CMML = Chronic myelomonocytic leukemia.
aCML = Atypical chronic myeloid leukemia, BCR-ABL1 negative.
JMML = Juvenile myelomonocytic leukemia.
MDS/MPN-U = Myelodysplastic/Myeloproliferative neoplasm, unclassifiable.
RARS-T = Refractory anemia with ring sideroblasts associated with marked thrombocytosis.
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Bone marrow trephine histology
Histological examination of the BMT biopsy is
commonly performed in the initial diagnostic work-
up of suspected MDS. However some restrict the BMT
to situations where bone marrow aspiration has failed
(e.g. “blood tap”) or low-cellularity smears. The BMT
features to be discussed are cellularity, fibrosis and
abnormally localized immature myeloid precursors
as well as the role of immunocytochemistry.

Hypocellularity: The BMT allows objective evalua-
tion of bone marrow cellularity, which physio-
logically declines with age. Application of a
standardized age correction to cellularity reduces
the incidence of “hypoplastic” MDS from 29% to
7% [20,21]. Hypoplastic MDS must be distinguished
from aplastic anemia and this can be difficult [14]. In
this context, the presence of circulating blast cells and
megakaryocytic or granulocytic dysplasia favor hypo-
plastic MDS. However, mild erythroid dysplasia can
be seen in both MDS and aplastic anemia. Other
features that support a diagnosis of MDS are:

1. Abnormal sideroblasts, i.e. increased number with
abnormal patterns of siderotic granules or ring
sideroblasts.

2. The presence of two or more blast cell clusters
(defined below).

3. Cytogenetic aberrations, especially of
chromosomes 5 or 7 (which often requires
assessment by fluorescence in situ hybridization
(FISH). This may need to be performed on
peripheral blood cells, as karyotype culture of
bone marrow often fails). However, these typical
MDS anomalies can also arise after
immunosuppressive treatment in aplastic
anemia, and loss of chromosome Y or
trisomy 8 can sometimes be the consequence
of aging or immune aggression in both
diseases [22].

In cases where it is difficult to confidently distinguish
between hypoplastic MDS and aplastic anemia, CD34
and PCNA immunostaining of the BMT [23], or flow
cytometry (if sufficient numbers of cells are available)
may help. However, small PNH clones can be
encountered in both diseases. In fact, as immune
aggression has been proposed to participate in the
pathophysiology of a subgroup of MDS [22], it is
likely that there is a diagnostic “gray zone” between
aplastic anemia and MDS.

The independent prognostic value of hypoplasia in
MDS is debated [24,25]. Recognition of hypoplastic
MDS, though not formalized in theWHOclassification,
can influence therapeutic decisions, as some investiga-
tors have reported responses to immunosuppression.
Conversely, hypoplasia may induce severe hematolog-
ical toxicity with other MDS drugs, such as azacytidine.

Bone marrow fibrosis: Fibrosis can be semi-
quantitatively assessed by staining for reticulin fibres,
for instance with Gomori’s silver stain. A four-grade
system has been proposed, ranking fibrosis from grade
0 to III (absent, mild, moderate or severe) [21].
Fibrosis is considered significant if grade II or III.
Fibrotic MDS (MDS-F) must be distinguished from:

1. Acute panmyelosis with myelofibrosis (APMF),
an entity with an abrupt onset with cytopenias,
bone pain and fever.

2. Acute megakaryoblastic leukemia, which is rare
in adults, and can be identified by positive
cytochemistry with acid phosphatase and
α-naphthyl acetate esterase, detection of platelet
peroxidase by electron microscopy, or
megakaryocyte immunostaining [26].

3. Primary myelofibrosis (PMF). Compared to PMF,
MDS-F has low circulating CD34+ cell counts,
infrequent JAK2 V617F mutations and lower bone
marrow cellularity [27].

Fibrosis is common in therapy-related MDS, where
it is seen with multi-lineage dysplasia and adverse
cytogenetics (although fibrosis is a cause of karyotype
failure). The fibrosis itself may be an independent
adverse prognostic factor for both survival and leuke-
mic transformation [27]. Fibrosis leads to difficulties
in counting blasts, but as its prognostic effect is also
apparent in patients with blast excess, fibrosis appears
to be an additional prognostic tool, rather than a
separate MDS entity.

Abnormally localized immature myeloid progenitors:
Abnormal hematopoietic progenitor cell localization in
the bone marrow has been described in MDS, and
possibly reflects defective hematopoiesis. Clusters (3–5
cells) or aggregates (>5 cells) of blast cells away from the
endosteum or vascular niches, in the central portion
(interstitium) of the bone marrow, have been called
abnormally localized immature myeloid progenitors
(ALIP) [28]; ALIP have been proposed as both diag-
nostic and prognostic markers, but suffer from a poor
inter-observer reproducibility [27].
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Immunocytochemistry: Immunocytochemistry with a
CD34 antibody can be used to identify immature hem-
atopoietic progenitors and megakaryocytes, and
to assess the blast cell percentage. However, it must
be noted that in some cases of MDS the blast cells
are CD34-negative; CD117 has been proposed as a sur-
rogate marker in these cases. Some authors suggest
that CD34-positive cell clusters may better reflect
prognosis than the overall percentage of CD34-positive
cells [27]. It is important to remember that CD34 also
stains endothelial cells, and therefore additionalmarkers
of vessels are required to distinguish angiogenesis
from progenitors. Assessing angiogenesis may prove of
interest in future, as microvessel density is increased in
MDS [29], and distinct angiogenesis patterns have been
identified in CMML [30].

Cytogenetics and molecular genetics
in MDS and MDS/MPN
Conventional cytogenetics
Giemsa-banding karyotyping: Conventional cytogen-
etics by G-banding karyotyping is abnormal in approx-
imately half of MDS patients [31]. The proportion of
abnormal karyotypes has slightly increased over the
years with refinements in culture conditions and stand-
ardization of the number of metaphases studied.
Abnormal karyotypes, especially those of unfavorable
prognosis, are more frequent in MDS cases with excess
blast cells. The cytogenetic aberrations seen are highly
heterogeneous. The most frequent types of abnormal-
ities, by decreasing order, are:

1. Total or partial chromosome losses (most
frequent).

2. Total or partial chromosome gains.
3. Unbalanced translocations.
4. Balanced translocations (rare).

Normal karyotypes, which have a favorable prognosis
in MDS, are seen in 75% of patients with refractory
anemia and less commonly in refractory anemia
with excess blasts (RAEB) (25–50%). Karyotyping
has a number of applications in the analysis of MDS:

1. A typical MDS chromosomal abnormality may
assist in a morphologically challenging diagnosis.

2. Providing prognostic information.
3. Influencing therapeutic decision making [32],

e.g. karyotype is a predictor of response to
erythropoietin in lower-risk MDS [33].

Some chromosomal alterations occur frequently and
overall represent 40% of all abnormal karyotypes.
These are (Table 15.5):

1. Partial or total deletion of chromosome 5 (−5/5q−).
2. Partial or total deletion of chromosome 7 (−7/7q−).
3. Trisomy 8 (+8).
4. Partial deletion of chromosome 20 (20q−).
5. Loss of the Y chromosome (−Y).

These common chromosomal abnormalities,
although not specific of MDS (as they also occur in
AML or MPN), have defined prognostic value in the
standard IPSS cytogenetic risk classification [5].
Trisomy 8 and −Y can also occur in constitutional
mosaicism; a constitutional karyotype on blood with

Table 15.5. Cytogenetic abnormalities in myelodysplastic syndromes (MDS), their frequency and prognosis.

Frequency Prognosis Reference

Trisomy 8 10% Intermediate [5,31,35]

del(7q)/−7 10% Unfavorable [5,35]

del(5q) 15% Favorable [5]

del(20q) 5% Favorable [5,31,35]

del(12p) 1% Favorable [31,35]

–Y 5% Favorable [5,31,35]

i(17q) or t(17p) 2% Intermediate/Unfavorable [35]

inv[3] or t(3;3) 2% Intermediate [35]

Complex 15% Unfavorable [5,31,35]
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phytohemagglutinin as the mitogen should therefore
be performed in these cases to ensure the correct
interpretation of a cytogenetic response after intensive
therapy or ASCT. Alterations in chromosome 5 and
7 and other uncommon abnormalities in AML are
considered as “myelodysplasia-related changes” in
the current WHO classification [4], as they may
reflect an underlying undiagnosed myelodysplasia.
The remaining 60% of abnormal karyotypes show
rare chromosomal alterations (<2% each) and these
have been arbitrarily assigned a neutral prognostic
value in the IPSS. The prognostic associations of
these have recently been studied in large cohorts
[31,34] allowing assignment of well-defined prognosis
to ~95% of MDS patients (Table 15.5).

Uncovering the cytogenetic heterogeneity of
MDS has refined diagnostic entities and given new
prognostic information. This has paved the way for
the molecular dissection of MDS and the identifica-
tion of specific therapeutic interventions. Some
drugs, for example, have been shown to have differ-
ential activity in MDS according to karyotype, the
exemplar being lenalidomide in del(5q) patients.
Since balanced translocations are uncommon in
MDS, relatively few genes potentially involved in
the pathogenesis of MDS have been discovered with
cytogenetics. Molecular genetic techniques have,
however, led to the identification of minimal regions
of chromosome interstitial deletion, where a shortlist
of candidate genes can be studied functionally [35].

FISH: FISH has been a useful technique for gaining a
better understanding of the pathophysiology of MDS
in the following ways:

1. Demonstrating that recurrent genetic
abnormalities are present in immature
hematopoietic cells.

2. Providing insight into the target cell involved in
transformation of the MDS to acute leukemia [36].

3. Confirming the selective intramedullary apoptosis
of MDS committed progenitors [37].

In routine clinical practice, interphase FISH can
help identify the most frequent abnormalities when
insufficient mitoses are obtained for karyotyping.
Centromeric probes can detect monosomies and tri-
somies of chromosomes 5, 7 and 8. Probes can also
uncover recurrent interstitial deletions in 5q, 7q, 20q
and 17p. A negative FISH result is not informative
as it does not exclude an underlying genetic defect.

The prognostic significance of the 10–15% cryptic
deletions that can be identified by FISH in patients
with otherwise normal karyotypes has not been pro-
spectively studied. Multi-color FISH can help better
define complex karyotypes, without known prognostic
impact. FISH can be used for monitoring the cytoge-
netic response following therapy, most notably in the
setting of lenalidomide for 5q− syndrome [38].

Clonal evolution: Modification or changes to the kar-
yotype (clonal evolution) is a relatively rare event
in MDS (10−20% of cases). When clonal evolution
does occur it is often associated with disease
progression.

Common chromosomal alterations in MDS
del(5q) and the “5q− syndrome”: Interstitial deletion
of the long arm of chromosome 5, or del(5q), is the
most frequent cytogenetic aberration in MDS, occur-
ring in 15% of patients. The “5q− syndrome,” first
described by Van den Berghe et al. in 1974 [39], is
characterized by an isolated del(5q) on conventional
cytogenetics and absence of peripheral blood or
bone marrow blast excess, and is now a recognized
entity in the WHO classification (“MDS with isolated
del(5q)”; Table 15.3).

The distinct morphological features of the “5q−
syndrome” include:

1. Thrombocytosis (one third of patients).
2. Macrocytic anemia.
3. Megakaryocytes with hypolobated nuclei.
4. Erythropoiesis is commonly hypoplastic with

minimal dyserythropoiesis.
5. Minimal dysgranulopoiesis.

The “5q− syndrome” has a favorable prognosis in the
IPSS, with a prolonged overall survival (median sur-
vival 12 years) and a low risk (<10%) of progression
to AML. The prognosis is in fact dominated by the
consequences of chronic red blood cell transfusions.
Patients with “5q− syndrome” have a dramatic
response to the immuno-modulatory agent lenalido-
mide, with two-thirds reaching long-term transfusion
independence [38]. Lenalidomide seems to exert its
action through a clonal suppression effect, the molec-
ular mechanisms of which are under study [40].

The interstitial deletion of 5q is of variable size, but
invariably affects bands q31–q33. A common deletion
region in 5q33 spanning over 1.5 Mb and encompass-
ing 42 genes has been delineated [41]. The lack of a
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recurrent point mutation or a cryptic deletion on the
normal 5q allele is in favor of a haplo-insufficiency
model whereby loss of a single copy of one or, more
probably, several genes causes the 5q− syndrome.
Several candidate genes have been implicated includ-
ing SPARC, CTNNA1, EGR1 and RPS14 [32].

Patients with blast excess or with additional cyto-
genetic aberrations can also have del(5q). The prog-
nosis of these patients is much poorer than for
isolated “5q− syndrome” [31], even with lenalido-
mide therapy [38,42]. Some authors have proposed
that a distinct common deleted region, located in
5q31, is involved in these cases of MDS [43].

del(20q): MDS with del(20q) commonly presents with
thrombocytopenia and has a favorable prognosis in
the IPSS. It is commonly accompanied by loss of
chromosome Y, which can also be found in healthy
elderly subjects [44]. Del(20q) is not specific for MDS
as it also occurs in MPN.

Trisomy 8: Trisomy 8 is seen in 10% of MDS and
sometimes results from germinal mosaicism. It is
often subclonal and fluctuates independently of blast
cell counts [45]. This suggests it is a secondary lesion
in MDS.

Monosomy 7/del(7q): Chromosome 7 anomalies (10%
of MDS) include del(7q), monosomy 7 and more rarely
t(1;7). These are second in frequency to del(5q) and
almost invariably have a poor prognosis in terms of
both survival and transformation risk. Different mini-
mal regions of deletion have been described in 7q35–36,
possibly with distinct prognostic values. Monosomy 7
can transform aplastic anemia or constitutional bone
marrow failure syndromes (Fanconi anemia and Down
syndrome), or arise after radiation or toxic exposure. It
is also the most frequent alteration in childhood MDS
where it is often accompanied by a degree of myelopro-
liferation. There is in vitro evidence that 7q is a genet-
ically unstable region and that G-CSF treatment may
select a del(7q) clone. Patients with −7/del(7q) have
impaired neutrophil function and therefore may
present with severe infections despite having only
moderate neutropenia. These patients respond poorly
to intensive chemotherapy but interesting results
have been described with hypomethylating agents [6].

Complex karyotypes: Complex karyotypes (15% of
MDS) are conventionally defined as the coexistence

of ≥ 3 genetic anomalies in a single clone and are
thought to result from alterations in DNA repair or
checkpoint signaling. Complex karyotypes are, by
essence, heterogeneous. The prognosis worsens with
each additional aberration, rather than by the chro-
mosomes involved (most frequently 5, 7 and 17). In
AML, the presence of monosomies has been shown
to better predict prognosis than karyotypic complex-
ity [46], however this analysis has not been under-
taken in MDS where monosomies are in fact more
frequent. Complex karyotypes are highly chemo-
resistant, but interesting results with hypomethy-
lating agents have been observed but require
confirmation.

Other poor prognostic genetic abnormalities: There
are other genetic abnormalities associated with
poor prognosis which are not included in the IPSS.
These include the 3q26 alterations, inv(3)(q21;q26)
and t(3;3)(q21;q26), which rearrange the MDS1/EVI1
locus with complex oncogenic roles [47], and may
present with thrombocytosis. Alterations of 17p,
resulting from unbalanced translocations or isochro-
mosome 17, affect the p53 locus and also are in the
high-risk cytogenetic category; they are generally part
of complex karyotypes.

Cytogenetics and fusion transcripts of MDS/MPN
In MDS/MPN the karyotype is most often normal.
When abnormalities are detected these are generally
non-specific lesions, such as monosomy 7, in JMML
and CMML, or del(20q) or del(12p) in CMML. It is
important that t(9;22) and BCR-ABL1 transcripts (by
RT-PCR) are absent to exclude a diagnosis of typical
CML (see Chapter 13). Similarly, significant marrow
eosinophilia in cases of CMML is associated with the
very rare t(5;12) translocation fusing the ETV6 and
PDGFB genes. These cases must be reconsidered as
hypereosinophilic MPN, or CMML with eosinophilia
and a PDGFRA or PDGFRB rearrangement by PCR.

Molecular genetics and genomics
Gene mutations: Mutations in oncogenes or tumor
suppressor genes can be identified in up to 60% of
MDS cases. The implicated genes that are currently
known are not specific for MDS, and can be mutated
in de novo AML or in MPN; they therefore cannot
be used as diagnostic criteria. This differs from many
of the MDS/MPN entities where gene mutations are
important in the diagnosis (Table 15.4). In contrast
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to AML, a molecular genetic prognostic classifier has
not emerged in MDS.

As in AML, the mutations in MDS can be broadly
categorized on the basis of the cellular pathways
involved. “Class I” mutations affect cytokine signaling
pathways, and “class II mutations” transcription factors
that drive hematopoiesis. Class I mutations are thought
to confer a proliferative advantage to the MDS clone,
while Class II mutations are causal for dysplasia. Of the
Class I genes, mutations of the cytokine receptors FLT3
(5% cases), FMS (M-CSF receptor; <5% cases) and KIT
(<1%) are all rare in MDS. Mutations in KIT can be
regarded as identifying atypical mastocytosis, cases that
will respond to tyrosine kinase inhibitors [48]. The
emergence of active tyrosine kinase inhibitors against
FLT3 may, in future, encourage systematic genotyping
inMDS. The JAK2mutations of MPN can also be found
in some MDS. Approximately 50% of patients with
RARS with marked thrombocytosis (RARS-T), a provi-
sionalMDS/MPN syndrome, have JAK2mutations [49].

Members of the Ras pathway are Class I genes
which govern cell proliferation, differentiation, moti-
lity and apoptosis in response to cytokines and are
frequently altered in MDS/MPN. NRAS mutations
are found in low frequency in MDS, mainly in cases
transformed to AML, but in 40–50% of CMML. This is
even more striking in JMML, as virtually all cases
harbor one mutually exclusive mutation in Ras path-
way genes PTPN11 (35%), NRAS (20%), KRAS (20%)
or NF1 (20%). Mutations of the remaining allele of
NF1 and PTPN11 are present in JMML cases secon-
dary to congenital neurofibromatosis type 1 and
Noonan syndrome, respectively. Systematic profiling
of RAS mutational status in MDS is currently of
limited use, largely because pharmacological targeting
by farnesyl-transferase inhibitors has low efficacy [50].

Since dysplasia in terminal stages of differentia-
tion is a hallmark of MDS, it could be inferred that
Class II genes affecting hematopoiesis would be spe-
cific to MDS. So far, specific type II mutations have
not been described. Mutations in AML1/RUNX1,
a gene also involved in immature AML, occur in
15–40% of MDS and CMML cases, most often in
advanced cases. These mutations appear to cooperate
with high-risk cytogenetics and RAS mutations, espe-
cially in therapy-related MDS. The polycomb gene
ASXL1 is also a potential regulator of hematopoiesis
and is mutated in 10% of MDS and 40% of CMML
cases [51]. Though dysregulation of apoptosis seems
cardinal in MDS, no molecular lesion involving

apoptosis genes has been identified in MDS. The
one exception is mutations in the pleiotropic tumor
suppressor gene p53, mainly in 17p− cases.

Gene over-expression: Molecular biology can also
detect abnormal gene transcript levels by quantitative
PCR assays. Over-expression of the EVI1 gene is found
in one-third of MDS patients, particularly those with
excess blast cells; this over-expression can be present
even without obvious 3q26 rearrangements on con-
ventional cytogenetic analysis. It has been proposed
that arsenic trioxide, an active agent in MDS [52], may
target the EVI1 protein for degradation. As in AML,
the WT1 transcription factor is over-expressed in
virtually all cases of MDS with blast excess, and
approximately one-third of lower-risk MDS. The leu-
kemogenic potential of this lesion is still unclear, but
WT1 over-expression can provide a useful tool for
minimal residual disease (MRD) monitoring in the
context of intensive therapy, as in AML [53].

Clonality assays: Clonality assays based on gene
imprinting (HUMARA assays) were the first molecu-
lar tools to confirm the clonal nature of MDS with a
normal karyotype. These assays can still be used as
diagnostic co-criterion [9], but novel genomic tools
are now available that can both confirm clonality
and provide valuable prognostic information. Clonal
T-cell expansions have also been described in up to
50% of MDS patients [54]. These clones can be auto-
reactive, for instance in the context of trisomy 8 [55],
and their identification could pinpoint patients likely
to benefit from IST [56].

High-throughput genomics: Microarray gene expres-
sion profiling (GEP), as described in Chapter 5, has
been applied to sorted CD34-positive cells in MDS to
elucidate the molecular pathways involved in common
chromosomal anomalies [57]. Preliminary attempts to
establish the diagnosis of MDS on the basis of the GEP
of total marrow mononuclear cells has shown disap-
pointing results, with only 50% of cases being classified
asMDS; the GEP profiles of the remainder were spread
between AML and normal marrow categories. A sub-
set of MDS cases without excess blasts presents with an
AML GEP, and these have been shown to have inferior
outcome [58]. Gene expression profiling can predict
the response of del(5q) patients to lenalidomide ther-
apy [59]. Thus, prospective study of GEP in MDS may
be valuable in the future. However the requirement to

2 Hematological malignancies

316



sort cell populations prior to microarray poses a major
technical limitation.

Two novel high-throughput techniques allow pan-
genomic assessment of chromosomal region gains
or losses. Comparative genomic hybridization (CGH)
arrays allow high-resolution detection of copy number
changes, and can detect subclonal alterations that are
missed by conventional cytogenetics. Comparative
genomic hybridization arrays require germline DNA,
for example from sorted T-cells that are usually not
part of the MDS clone, or from skin biopsies, with
which to compare the MDS population [60]. Single
nucleotide polymorphism (SNP) arrays are another
potent technique that detect copy number alterations
as well as copy neutral regions of loss of heterozygosity
(uniparental disomy, UPD). With the use of powerful
algorithms, SNP arrays can process even highly conta-
minated samples (up to 70% contaminant cells), but
still require control DNA to eliminate germline UPDs.
Neither of these techniques will completely replace
conventional cytogenetics because they are unable to
detect balanced chromosomal translocations.

The above-mentioned techniques have detected
cryptic deletions or amplifications which have prog-
nostic impact [61,62]. In particular, ~60% of patients
with normal karyotype MDS have cryptic alterations
that have a negative affect on prognosis. Uniparental
disomy can be constitutional and have no prognostic
value, but may pinpoint novel tumor suppressor
genes. Examples include mutations in the c-CBL gene
in MDS/MPN [63] and the TET2 gene, which is
mutated in ~25% of MDS and up to 50% of CMML.
TET2 mutations are the most frequent genetic lesion
so far detected in MDS and MDS/MPN and have
recently been assigned an independent favorable
prognosis in MDS [64].

Epigenetic alterations: Aberrant gene promoter
hypermethylation is another established mechanism
for tumor suppressor loss of function in MDS. For
example, hypermethylation of the tumor suppressor
gene CDKN2B, which alleviates the negative regula-
tion of G1/S cell cycle transition by its gene product
p15/INK4B, has been found in 30–50% of MDS, most
commonly in advanced cases [65]. The favorable
clinical results with hypomethylating agents in
MDS, including improved overall survival with aza-
cytidine therapy in higher-risk MDS [6], have
prompted analysis of other epigenetic alterations in
MDS. Robust and quantitative measurement of

candidate gene promoter methylation can be per-
formed routinely with bisulfite-modified DNA pyro-
sequencing, or qualitatively by methylation-specific
PCR (MSP). Genes belonging to various cellular
pathways have been found to be aberrantly methy-
lated in MDS, although at lower frequencies than
CDKN2B. Even if hemizygous, these lesions can lead
to functional nullisomy if the remaining allele is
targeted by a chromosomal deletion. The FZD9 gene
involved in the Wnt pathway is located in the fre-
quently deleted 7q region and may satisfy this model
[66]. Preliminary results from pan-genomic methyl-
ation methods indicate that methylation profiles in
MDS are heterogeneous but distinct from normal
marrow and AML, are dynamic with progression,
and are globally and stably reversed by hypomethy-
lating agents [66,67].

Immunophenotyping
Flow cytometry immunophenotyping (FCI) has been
proposed as an objective surrogate technique to
morphology that can be used in the diagnosis of
MDS (see Chapter 3). Though it can be considered as
a co-criterion in MDS [9], a consensus on FC tech-
niques and indications in MDS is yet to emerge [68].
The technical issues concern the choice of antibody
panel and the standardization of abnormalities using
appropriate internal and external controls to achieve
inter-laboratory reproducibility. Single color FCI first
detected dysplasia as aberrant fluorescence intensity
of surface antigens and showed good correlation with
morphology [69]. Multicolor FC can integrate various
markers to analyze lineage infidelity (e.g. aberrant
expression of lymphoid markers on myeloid cells), or
maturational asynchrony (e.g. persistence of CD34
expression on mature cells). Using this approach,
more than one dysplastic feature must be observed to
conclude that there is significant dysplasia. Despite the
technical limitations, FCI is reported to be able to
identify antigenic abnormalities even when morpho-
logical dysplasia is not evident [70]. Most FC studies
have focused on the myeloid lineage, because a large
number of antigens can be analyzed. Flow cytometry
can also detect erythroid dysplasia and abnormal side-
roblasts [24], but the commercially available antibody
panel is restricted. Megakaryocytic markers are poorly
specific due to platelet aggregation on the surface of
non-megakaryocytic cells. Immature “blast” cells can
be identified by side scatter and CD45 gating, and
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CD34 and/or CD117 labeling. Blasts counted on gated
non-erythroid cells by FC show good correlation with
morphology [71], but cut-off values for clinical deci-
sion are yet to be determined.

Diagnostic applications of FCI: Flow cytometry has
been proposed as a method that can be used to distin-
guish MDS from ICUS and aplastic anemia in hypo-
plastic cases [9]. A diagnostic scoring system has also
been proposed based on CD34-positive cells in lower-
risk MDS [71]. In MDS/MPN no specific immuno-
phenotype has been described but FCI can help to
distinguish CMML from MDS and MPN [72]. The
most common phenotypic abnormalities in CMML
are aberrant antigen expression profiles of the mono-
cytoid cells, such as reduced expression of CD13,
CD14, CD36 or CD64, or aberrant expression of
CD2 or CD56.

Prognostic applications of FCI: A flow cytometry
scoring system (FCSS) has been developed based on
aberrations of the myelomonocytic lineage, blast
count and the degree of impairment of myelopoiesis
(reflected by the ratio of myeloid to lymphoid cells)
[73]. This score has prognostic value that is indepen-
dent of the IPSS in the context of ASCT [73,74].
Other scores have been established for lower-risk
MDS [70]. Specific FCI patterns can also be used as
markers for monitoring of MRD or response to
growth factors [75].

Other applications of FCI in MDS: Flow cytometry
can detect small PNH clones (<3%) in up to 17% of
refractory anemias (RA) but not in other MDS cate-
gories [76]. PNH+ RA defines a group with less
frequent cytogenetic aberrations, lower risk of pro-
gression, and identifies patients who could respond
to immunosuppressive therapy [76]. The multi-drug
resistance (MDR) phenotype can also be determined
by FCI assays, such as rhodamine efflux, prior to
intensive chemotherapy [77]. Flow cytometry can
also be used to assess the function of the immune
system in MDS, such as perturbations of T-cell sub-
populations [78] and under-representation of B-cells
[79]; so far these investigations have not had any
prognostic or therapeutic implication. Flow cytometry
can also be used tomonitor alterations in intra-cellular
signal transduction pathways, which can serve as prog-
nostic markers; examples include activation of the Akt
or JAK/STAT pathways [80].

Other biological techniques
Biochemical markers: Some biochemical markers are
useful in determining the prognosis of MDS. Serum
erythropoietin level is a strong predictor of response to
erythropoietin and analogs in lower-risk MDS.
Despite limited specificity, ferritin can be used to
assess iron overload, and monitor iron chelation ther-
apy. Serum lactate dehydrogenase (LDH) is also a
prognostic factor in MDS, particularly in the IPSS
low-risk subgroup [81].

Progenitor cell culture: In MDS there is impaired
growth of immature progenitors (CFU-GEMM),
erythroid progenitors (BFU-E, CFU-E) and granulo-
monocytic progenitors (CFU-GM). The abnormal
growth patterns seen, including a decreased number
of colonies or small cell clusters instead of colonies,
can be used as co-criteria for the diagnosis of MDS [9].
In contrast, spontaneous colony growth (i.e. without
cytokines such as EPO, GM-CSF, TPO), and hyper-
sensitivity to GM-CSF can occur in CMML and JMML
and help make these diagnoses. Progenitor cell culture
can also be combined with FC as a diagnostic tool;
detection of hyper-phosphorylation of STAT5 in
response to GM-CSF, for example, has been proposed
as a diagnostic hallmark of JMML [82].

Diagnostic classification of MDS
and MDS/MPN
The WHO diagnostic categories for MDS and MDS/
MPN are summarized in Table 15.3 and Table 15.4.
Childhood MDS is rare and must be distinguished
from JMML and myeloid proliferations of Down
syndrome. The distinctive features of MDS in child-
hood are monosomy 7, the most common cytogenetic
abnormality and which has the same adverse prognos-
tic impact as in adults but has no salient presenting
feature, and the recurrence of hypoplastic MDS.
Conversely, ringed sideroblasts, del(5q) and myelo-
fibrosis are exceedingly rare in children. MDS in
children without blast excess are grouped under the
term “refractory cytopenia of childhood” (RCC), char-
acterized by persistent cytopenias, dysplasia and <5%
blast cells in the bone marrow. Care must be taken
to differentiate childhood MDS from congenital
bone marrow failure syndromes and other congenital
conditions with a hematological phenotype, including
metabolic and mitochondrial disorders.
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Paroxysmal nocturnal
hemoglobinuria

Pathogenesis
Paroxysmal nocturnal hemoglobinuria (PNH) is a rare
acquired disorder of hematopoietic stem cells. The
disease is characterized by hemolytic anemia, marrow
failure and episodes of venous thrombosis. Paroxysmal
nocturnal hemoglobinuria is caused by a somatic
mutation in the X-linked phosphatidylinositol glycan
class A gene (PIG-A), resulting in a deficiency in
glycosyl phosphatidylinositol-anchored proteins
(GPI-AP). The lack of a GPI-AP complement regu-
latory protein (CD59) on the erythrocyte surface
leads to hemolysis, whilst the pathophysiology of
thrombosis remains poorly understood. Paroxysmal
nocturnal hemoglobinuria has two major clinical
presentations:

1. “Classic PNH” is predominantly hemolytic
without overt marrow failure.

2. “Aplastic anemia PNH syndrome” (AA-PNH) is
characterized by marrow failure [83].

The complement inhibitor eculizumab is able to alle-
viate hemolysis, and possibly reduce the thrombotic
risk [84].

Detection of PNH clones
Flow cytometry techniques have supplanted the Ham
(acidified serum) test to diagnose PNH because of
their greater sensitivity and reproducibility [85].
Standard FC for the detection of a PNH clone
requires two antibodies to GPI-anchored molecules,
such as CD55 and CD59, which can be assessed
simultaneously on both granulocytes and erythro-
cytes. Use of two, rather than one marker increases
specificity, and excludes rare cases where there is a
congenital deficiency of a GPI-anchored protein [86].
Since PNH is a stem cell disorder, all hematopoietic
lineages are involved and GPI-AP-deficient clones
are found among all hematopoietic lineages.
Granulocytes are the cell of choice for determining
the size of the PNH clone, since they are longer-lived
than erythrocytes (especially when there is hemoly-
sis), and deficient CD55 and CD59 on the surface of
erythrocytes can be partially masked by recent trans-
fusion. The size of the granulocytic clone has been
correlated to thrombotic risk (see below) [87].

Different patterns of expression of CD55 and
CD59 can be observed within a PNH clone by FC
(see Case 5, below).

1. Type I cells have normal expression of GPI-linked
proteins.

2. Type II cells have partial GPI-deficiency and are
only lysed with complement activation, such as
during infection.

3. Type III cells have total GPI deficiency and it is only
these cells that undergo spontaneous hemolysis.

This classification merits clinical validation, and as
of today, does not impact on clinical decision-making
in PNH.

Alternative FCI tools for the detection of PNH
clones have been proposed, such as the FLAER (fluo-
rescently labeled aerolysin) assay. This assay, which
relies on detection of a bacterial peptide which binds
GPI-anchored proteins, can only be applied to gran-
ulocytes, and currently lacks standardization.

Paroxysmal nocturnal hemoglobinuria
(PNH) clones associated with bone marrow
failure syndromes
The refinement and increased sensitivity of FCI
techniques have allowed exquisitely small PNH clones
(down to 0.002% [76]) to be detected in a number
of conditions, including in healthy subjects. These
clones are almost always <10% and do not cause hemol-
ysis, thus never requiring eculizumab. In the setting of
aplastic anemia, the presence of a PNH clone has been
associated with improved responses to immunosup-
pressive therapy and better prognosis [88]. It is unclear
whether this is also the case for MDS [89].

Other biological techniques in PNH
It is recommended that a bone marrow examination
be performed when a PNH clone is detected by FCI.
A bone marrow aspirate and trephine biopsy with
concomitant karyotype are indicated when the PNH
clone is present in association with multiple cytope-
nias. Patients with isolated anemia should also have
a bone marrow performed as the presence of eryth-
roid hypoplasia and/or dysplasia may be the sole
evidence of underlying aplastic anemia or MDS.
Other causes of anemia may also be present in
PNH patients, including renal impairment or iron
deficiency as a result of chronic intravascular
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hemolysis; investigations such as endogenous EPO
and ferritin measurement may be required. Apart
from the size of the PNH clone of >50%, there is
no predictive factor for thrombosis in classic PNH
and there are no recommendations for systematic
hemostasis and thrombophilia testing. Theoretically,
the etiology of PNH can be confirmed by screening
for a PIGA mutation; however, this is technically
challenging as mutations are widespread and the
result has no bearing on clinical outcome.

Monitoring of PNH clones
In classic PNH, the size of the PNH clone must be
measured at diagnosis and monitored as the clone
can still be expanding. During eculizumab therapy
the size of the red cell clone increases to reach the
size of the granulocytic clone but at variable rates;
LDH levels best reflect ongoing hemolysis during
therapy. PNH clone dynamics or other routine bio-
logical tests do not seem to predict response to eculi-
zumab. In the context of aplastic anemia or MDS,
PNH clones can also be monitored as they may expand
during natural evolution, or after IST.

Clinical examples of MDS
and MDS/MPN
The following section gives clinical examples of MDS
and MDS/MPN cases to illustrate the diagnostic fea-
tures described above. The blood counts of all cases
are shown in Table 15.6 and the morphological
abnormalities, genetic and phenotypic features
described and illustrated in Figures 15.1–15.5.

Case 1: Therapy-related MDS, RAEB-2
An 86-year-old woman with a past history of breast
cancer, for which she received radiotherapy, presents
with fatigue and pallor. A blood count was per-
formed (Table 15.6) and showed pancytopenia.
Pseudo-Pelger–Huët neutrophils with hypogranula-
tion, and red cell anisocytosis and poikilocytosis
were seen on the blood film (Figure 15.1a). Bone
marrow aspirate morphology showed significant dys-
megakaryopoiesis (fragmented nuclei), dyserythro-
poiesis (erythroblasts with budding nuclei and
cytoplasmic granules, laminated cytoplasm and inter-
nuclear bridges) and dysgranulopoiesis (hypogranu-
lated granulocytic progenitors), with 16% blasts,
mostly agranular (Figures 15.1b–f). The karyotype
was 47,XX,+8 [20]. Based on these data the WHO
diagnosis was therapy-related MDS, RAEB-2, and the
IPSS score 2.5 (i.e. three cytopenias, 10–19% bone
marrow blasts, intermediate-risk cytogenetics). As the
IPSS risk is high she received azacytidine therapy.

Case 2: MDS associated with isolated
del(5q)
A 60-year-old woman with Behçet disease controlled
by low-dose steroids was referred to a hematologist
for investigation of persistent thrombocytosis.
Blood count (Table 15.6) showed mild anemia and a
platelet count of 1275 × 109/L. There were no signs of
inflammation, the serum ferritin value was normal
and the patient had no splenomegaly. She received
hydroxycarbamide followed by anagrelide therapy.
She became progressively anemic and red cell

Table 15.6. Blood count results for Cases 1–5.

Case 1 Case 2 Case 3 Case 4 Case 5

Leukocytes (× 109/L) Total
Neutrophils
Eosinophils
Basophils
Monocytes
Lymphocytes
Blast cells (%)
Erythroblasts

3.6
1.08
–
–
0.61
1.65
–
0.61

4.2
2.98
0.04
0.04
0.13
1.01
–
–

56.8
17.8
0.6
0.8
7.1
25.5
2%
0.6

9.3
7.31
0.32
0.06
0.41
1.25
–
–

2.9
1.0
0.09
0.03
0.12
1.17
–
–

Red cells Hb (g/dL)
MCV (fL)
Reticulocytes (× 109/L)

6.6
102

9.5
99

7.7

65

7.5
87
27

8.8

Platelet count (× 109/L) 22 1275 75 545 16
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Figure 15.1. Case 1 – Therapy-related MDS, RAEB-2.
a. Pseudo-Pelger–Huët neutrophils with hypogranulation, together with red cell anisocytosis and poikilocytosis (PB smear, MGG, 100×).
b. Abnormal megakaryocyte with disrupted nuclear lobules (BM smear, MGG, 100×).
c. Erythroblasts with budding nuclei and cytoplasmic stippling (BM smear, MGG, 50×).
d. Erythroblasts with laminated granular cytoplasm (BM smear, MGG, 100×).
e. Erythroblasts with inter-nuclear bridging (BM smear, MGG, 50×).
f. Abnormal hypogranulated promyelocytes and myelocytes and agranular blasts (BM smear, MGG, 100×).
Figures 15.1a–f courtesy of Hervé Roudot, Hematology Laboratory, Hopital Avicenne, Bobigny, France.
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transfusion-dependent (2 units packed red cells every
2 weeks). A bone marrow aspirate performed 1 month
after cessation of hydroxycarbamide showed moderate
dyserythropoiesis with numerous monolobated mega-
karyocytes (Figure 15.2a) without excess blasts. The kar-
yotype was 46,XX,del(5)(q31q33) [20] (Figure 15.2b),
confirmed by FISH (Figure 15.2c). Lenalidomide was
commenced which resulted in a sustained erythroid
and cytogenetic response for 3 years.

Case 3: Juvenile myelomonocytic leukemia
A 9-month-old girl with no prior medical or relevant
family history presented with subacute onset of pal-
lor, fever, abdominal pain and rectal bleeding. On
physical examination there was palpable hepato-
splenomegaly, cervical lymphadenopathy and cutane-
ous xanthomata. A blood count showed a marked
neutrophilia, lymphocytosis and monocytosis and

small numbers of blast cells, mild anemia without
reticulocytosis and mild thrombocytopenia
(Table 15.6). The peripheral blood smear showed
dysplastic monocytes (Figure 15.3a) and tear-drop
poikilocytes (Figure 15.3b). Blood, urine and stool
cultures were negative and biochemical analyses
showed CRP 4.4 mg/L, LDH 882 U/L; HIV, CMV,
EBV, toxoplasmosis and hepatitis B and C serologies
were negative. HbF level was elevated at 25% (nor-
mal <1%). Bone marrow smears were hypercellular
with granulocytic hyperplasia (Figure 15.3c). The
karyotype was normal 46,XX [20]. Molecular screen-
ing for KRAS and NRAS mutations was negative; a
mutation in exon 3 of PTPN11 was found in bone
marrow cells (Figure 15.3d). In vitro progenitor cell
culture in methylcellulose showed spontaneous col-
ony growth of CFU-GEMM, CFU-GM and CFU-M
(Figure 15.3e). Juvenile myelomonocytic leukemia

a

c

b

Figure 15.2. Case 2 – MDS associated with isolated del(5q).
a. Monolobatedmegakaryocytes (BM smear, MGG 100×). Courtesy of Hervé Roudot, Hematology Laboratory, Hospital Avicenne, Bobigny, France.
b. R-banding karyotype: 46,XX,del[5](q31q33). Courtesy of Virginie Eclache, Hematology Laboratory, Hopital Avicenne, Bobigny, France.
c. FISH with LSI EGR1D5S721 (5q31 probe, orange), D5S23 (5p15 probe, green) dual color probe (Abbott) showing a metaphase with
5q31deletion. Courtesy of Virginie Eclache, Hematology Laboratory, Hopital Avicenne, Bobigny, France.
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Figure 15.3. Case 3 – Juvenile myelomonocytic leukemia.
a. Dysplastic monocytes (PB smear, MGG 1000×).
b. Tear-drop poikilocyte (PB smear, MGG 1000×).
c. Granulocytic hyperplasia (BM smear, MGG 400×).
d. Electrophoretogram of PTPN11 exon 3 sequence showing
c.182A>T substitution resulting in a mutated SHP2 D61V protein.
e. In vitro methylcellulose spontaneous colony growth of marrow
progenitors showing CFU-GEMM, CFU-GM, and CFU-M (30×).
Courtesy of B. Perez, Hematology Laboratory, Hopital Saint Louis,
Paris, France.

Figures 15.3a–c are courtesy of O. Fenneteau, Hematology
Laboratory, Hopital Robert Debre, Paris, France and Figure 15.3d
is courtesy of H. Cavé, Hematology Laboratory, Hopital Robert Debre,
Paris, France.
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was diagnosed and she received 6-mercaptopurine
and transfusion support, and proceeded to cord
blood transplantation.

Case 4: Refractory anemia with ring
sideroblasts associated with marked
thrombocytosis
A 68-year-old woman was referred with fatigue. A
blood count showed normocytic anemia and a
mild thrombocytosis (Table 15.6) and the film
poikilocytosis and anisochromia. Bone marrow aspir-
ation showed mild erythroid hyperplasia with mega-
karyocytic hyperplasia with pleomorphism. The Perls’
stain showed 22% ring sideroblasts (Figure 15.4). The
karyotype was 46,XX,del(7)(q21;q31) [17], 46,XX [3].
A hemizygous JAK2 V617F mutation was detected
on PCR. The patient failed to respond to recombinant
erythropoietin and azacytidine was commenced.

Figure 15.4. Ring sideroblasts (BM smear, Perls’ stain 100×).
Courtesy of Hervé Roudot, Hematology Laboratory, Hopital Avicenne,
Bobigny, France.
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Figure 15.5. Flow cytometry of red cells (red) and granulocytes (green) for CD59 (left panel) and CD55 (right panel) showing presence of a PNH
clone. Courtesy of Christophe Roumier, Hematology Laboratory, CHR Lille, France.
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Case 5: Hypoplastic MDS with a PNH clone
A 46-year-old man presented with a history of pros-
tatitis. The blood count showed marked pancytopenia
and there were no specific blood film abnormalities
(Table 15.6). The bone marrow (smears and trephine
biopsy) was hypocellular (<20% cellularity) without
significant dysplasia. The bone marrow biopsy
showed heterogeneous distribution of hematopoietic
cells including aplastic inter-trabecular marrow
spaces. There was dyserythropoiesis and no blast
excess. The karyotype was 45,X,-Y [5], 46,XY [17].
The HLA-DR15 haplotype was present, which could
predict a favorable response to immunosuppressive
treatment [89]. There was no T-cell or PNH clone at
this time and a diagnosis of hypoplastic MDS
was made. Following anti-thymocyte globulin and
cyclosporine therapy the patient had significant
trilineage hematological improvement (Hb >11 g/
dL; platelets > 50 × 109/L; neutrophils >1 × 109/L).
Following a 3-year remission a minor PNH clone was
detected but without hematological consequence
(Figure 15.5).
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systemic mastocytosis (SM)
epidemiology and pathogenesis
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