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Preface

Preface

Welcome to the thirteenth edition of Wintrobe's Clinical Hematology. This textbook strives to continue the Wintrobe
tradition of being comprehensive yet accessible to all who seek to understand the history, science, and clinical practice of
hematology. We have brought together clinicians and scientists who have given their time and expertise to produce a
state-of-the-art resource which includes an online presence with expanded bibliographies, appendices, and updates.

THE WINTROBE LEGACY

Few have appreciated the wealth of information to be gained by the study of blood more than Maxwell Myer Wintrobe
(1906 to 1986). He cited poets, including John Donne's “pure and eloquent blood” and Goethe's “Blood is a juice of a very
special kind”; but he added that “It is for the scientist that the blood has been especially equuent."l. It has been over 70
years since Wintrobe wrote the first edition of Clinical Hematology (1942); and at the time, he was uncertain if it would
have much readership owing to the priorities of World War Il. His objective was “to bring together the accumulated
information in the field of hematology in a systematic and orderly form.” He felt the book should be “comprehensive,
complete, and authoritative.” He emphasized the importance of “an accurate diagnosis as a prerequisite to efficacious
treatment.” His goals were to link science to the clinical practice of hematology and to provide the best therapy possible
for an individual patient. We have recruited an outstanding group of scientists and clinicians who have given their
expertise and time to accomplish similar goals for the thirteenth edition of Wintrobe's Clinical Hematology.

Wintrobe's career included medical school at the University of Manitoba (1921 to 1925) and academic appointments at
Tulane University (1927 to 1930), The Johns Hopkins University (1930 to 1943), and the University of Utah (1943 to 1986).
His interests were broad and his contributions to medicine and hematology were many.2 He had access to an abundance
of clinical material at Charity Hospital (New Orleans, LA), where he invented the hematocrit glass tube, which came to
bear his name and allowed him to collect information about the blood (Figure 1). The Wintrobe hematocrit tube not only
allowed determination of the volume of packed red blood cells after centrifugation but also allowed measurement of the
erythrocyte sedimentation rate, determination of the volume of packed white cells and platelets, and detection of
changes in the appearance of the plasma.

At Johns Hopkins University, Wintrobe made peripheral smears available to the clinic, reorganized the teaching of the
third-year student laboratory course, and established himself as an investigator and leader in hematology.3 He and his
colleagues showed that hypochromic anemia responded to iron,” gave the first account of cryoglobulin in the blood,” and
provided the first evidence that thalassemias were inherited.® He became chief of the Clinic for Nutritional,
Gastrointestinal, and Hematologic Disorders in 1933 and was promoted to the position of Associate in Medicine in 1935.
During World War Il, he was assigned to study chemical warfare agents and his efforts led to a landmark paper with Louis
Goodman et al. on the efficacy of nitrogen mustard as a chemotherapeutic agent.7
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FIGURE 1. Original illustration of Wintrobe tubes depicting the appearance of centrifugal blood in various conditions, as
published in the seventh edition.

In 1943, Wintrobe was offered the first Chair of Medicine at the University of Utah. He served as Chair for 24 years and in
1970 was named Distinguished Professor of Internal Medicine. He studied the role of nutritional factors, particularly the B
vitamins, in hematopoiesis, and attempted to develop an animal model for pernicious anemia.’, ® His work with pig's
nutritional requirements resulted in discovering the effects of pyridoxine deficiency and the role of copper in iron
metabolism.? He studied the effects of the newly discovered adrenocorticosteroids on hematopoiesis,9 described the
association of chloramphenicol with aplastic anemia,'® and became an advocate for reporting the adverse reactions to

drugs."
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Wintrobe's clinical interests extended beyond hematology, and he received the first research grant ever awarded by the
National Institutes of Health. The grant was to study hereditary muscular dystrophy (a disorder that affected a number of
Utah families) and was renewed annually for 23 years.z, * He directed the Laboratory for the Study of Hereditary and
Metabolic Disorder and Training Institute (1969 to 1973). Together with George Cartwright, he established a premier
hematology training program at Utah. They trained 110 fellows, 85% of whom became associated with medical schools or
research institutes.”

Wintrobe was the sole author of the first six editions, and he recruited former fellows to assist him on the seventh and
eight editions: Jack Athens, Tom Bithell, Dane Boggs, John Foerster, and Richard Lee with John Lukens joining them on the
eighth edition (1981), the last one to involve Wintrobe. Lee, Bithell, Foerster, Athens, and Lukens were the editors for the
ninth edition (1993). John Greer, Frixos Paraskevas, and George Rodgers joined Lee, Foerster, and Lukens for the tenth
edition (1999) and Bert Glader was added for the eleventh edition (2004). Robert Means, Jr., and Daniel Arber joined
Foerster, Glader, Greer, Paraskevas, and Rodgers for the twelfth edition (2009). We welcome Alan List as a new editor for
this edition and honor John Foerster as the editor emeritus.

IN MEMORY OF JOHN N. LUKENS

We remember our friend, John Nevius Lukens, Jr. (1932 to 2010), who was dedicated to the Wintrobe legacy and
committed to the education of the next generation of health care providers. He was a graduate of Princeton University
(1954) and Harvard Medical School (1958). After an internship in Medicine and Pediatrics at the University of North
Carolina, he completed his residency at The Children's Hospital in Cincinnati (1959 to 1961). He served 2 years in the U.S.
Army Medical Corps at the Letterman General Hospital in San Francisco and became a research fellow at the University of
Utah School of Medicine with Eugene Lahey and Wintrobe (1964 to 1967). His research contributed to the understanding
of the anemia of chronic disease and iron deficiency. John was a founding member of the Children's Cancer Group and
was among the pioneers of pediatric hematology who contributed to a steady and marked increase in the curability of
childhood acute lymphoblastic leukemia and other cancers. He held faculty appointments at the University of Missouri
School of Medicine (1967 to 1971), Tufts Medical School (1971 to 1973), and the Charles R. Drew Postgraduate Medical
School (1973 to 1975) before becoming Director of Pediatric Hematology/Oncology (1975 to 1997) at Vanderbilt
University's Children's Hospital. He became an Emeritus in 2001 until his death in 2010. John is remembered as a role
model as a physician, a loving husband to his wife Cauley of 51 years, a father devoted to their daughters, Ann, Rachel,
and Betsy, and a grandfather to five.

THIRTEENTH EDITION

Our goal in the thirteenth edition is to continue Wintrobe's commitment to link the past accomplishments in hematology
to the present state of the art and to future developments. We are honored to have some of the best hematologists in the
world contribute to this edition. They have continued the Wintrobe tradition of providing historical perspective and
combining basic science with clinical practice. There are 74 new authors, and all of the chapters are new or have been
completely revised. All of the authors are worth singling out, but space limits our ability to thank them individually. One of
the new contributors is Michael Deininger, who is the Maxwell M. Wintrobe Professor of Medicine at the University of
Utah Huntsman Cancer Institute.

The audience for the book encompasses the entire spectrum of health care providers, including medical students, nurses,
residents, clinicians, and scientists, who seek answers about hematology. The textbook reviews the science, the methods
of diagnosis, and the evidence for the basis of therapeutic decisions. The artwork has been extensively redrawn for color

and consistency and there are numerous photomicrographs, which illustrate the role of hematopathology in diagnosis.

The book is divided into eight parts: Laboratory Hematology; The Normal Hematologic System; Transfusion Medicine;
Disorders of Red Cells, Hemostasis, and Coagulation; Benign Disorders of Leukocytes; The Spleen and/or
Immunoglobulins; Hematologic Malignancies; and Transplantation. Throughout the chapters, there is an emphasis on the
four components in hematology that contribute to diagnosis: the morphological exam of the peripheral blood smear,
bone marrow, lymph nodes, and other tissues; flow cytometry, cytogenetics, and molecular markers.

The expanding role of molecular genetics and flow cytometry is not only improving diagnosis but also providing targets for
novel therapies. The role of tyrosine kinase inhibitors in chronic myeloid leukemia serves as a model for molecularly
targeted therapy. The detection of minimal residual disease by either flow cytometry or polymerase chain reaction
techniques is impacting therapeutic decisions. Chapters on gene therapy and immunotherapy are up-to-date reviews on
these unique therapies for a variety of hematologic disorders. The role of stem cell transplantation is addressed in
chapters on specific diseases and in an entirely new part, which reviews its application for both benign and malignant
disorders, graft-versus-host disease, and the importance of long-term follow-up of transplantation survivors.

4
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For a textbook to meet its audience needs in the 21st century, there must be an online presence and a way to interact
with and update its readers. The online text has a complete reference list for each chapter and two appendices, one
reviewing the clusters of differentiation molecules by Dan Arber and Frixos Paraskevas and another by veterinarians
Nicole Stacy, Kirstin Barnhart, and Michael Fry, who review lab values and photomicrographs of the blood of animals. We
plan to issue updates online when there is either unique or sufficient information that influences the practice of
hematology.

We are indebted to the efforts of Jonathan Pine, who has kindly supported us as Senior Executive Editor at Lippincott
Williams & Wilkins since the 10th edition; Emilie Moyer, Senior Product Manager; and Frannie Murphy, Development
Editor.
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Introduction

The study of the blood has a long history. Humankind probably always has been interested in the blood because it is likely
that even primitive peoples realized that loss of blood, if sufficiently great, was associated with death. In biblical
references, to shed blood meant to kill.*

THE FOUNDATIONS OF DIAGNOSIS

When and in what manner blood was first examined is unknown, but before the days of microscopy only the gross
appearance of the blood could be studied. Blood allowed to clot in a glass vessel can be seen to form several distinct
layers: at the bottom a dark red, almost black, jellylike material is seen; above this is a red layer; and still nearer the top of
the clot is a pale green or whitish layer. Above these is the transparent, yellow serum. It has been suggested that
perception of these layers in the blood after its removal from the body may have given rise to the doctrine of the four
humors (black bile, sanguis, phlegm, and yellow bile), which were believed to constitute the substance of the human
body. Health and disease were thought to be the result of the proper mixture or imbalance, respectively, of these four
humors. This doctrine corresponding to the pervading concept of matter founded on the interrelationship of the four
elements—earth, water, air, and fire—was set out clearly in the Hippocratic writings and was systematized into a complex
metaphysical pattern by Galen in the 2nd century ad. It dominated medical thinking even into the 17th century.

Microscopic examination of the blood by Leeuwenhoek and others in the 17th century, and subsequent improvements in
their rudimentary equipment, provided the means whereby theory and dogma would gradually be replaced by scientific
understanding. The advance of knowledge was slow; however; those who were willing to observe and to seek greater
understanding were few compared with the multitudes who repeated the age-old formulations. In the 18th century,
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William Hewson (1739 to 1774) made many important observations, and over the next 150 years or more, others
gradually left their mark, including Gabriel Andral (1797 to 1876), Alexander Donné (1801 to 1878), Georges Hayem (1841
to 1933), and Paul Ehrlich (1854 to 1915), as well as Virchow, Aschoff, Maximow, Pappenheim, and still others in more
recent times.

However, it was not until the 1920s, beginning with the investigations of Whipple, Minot, and Castle, that the modern era
of hematology started. From that time on, the field of hematology has flourished, and knowledge and understanding have
grown at an ever-accelerating pace. The story has been told elsewhere.” The reader will find revealing the comparison of
the first edition of this textbook published in 1942, with subsequent editions.

At one time, hematology was a purely laboratory endeavor concerned with quantitation of the formed elements of the
blood and the study of their morphology and that of the bone marrow, spleen, and lymphoid tissues. In the past 70 years,
however, hematology has become a broad-based science that, in seeking to understand the normal and pathologic
physiology of the hematopoietic system, uses all the methods of diverse scientific disciplines such as biochemistry, cell
biology, immunology, physical chemistry, molecular biology, genetics, and nuclear medicine. As a consequence, the study
of a hematologic problem can involve the use of procedures of great complexity.

Nevertheless, in the majority of patients whose illness may be regarded as being directly or indirectly related to the blood
or blood-forming organs, examination requires only simple procedures. These begin with the steps fundamental and
essential in the study of any clinical problem: a carefully taken history and a meticulous, discerning physical examination.
It should be emphasized that the hematologist must be conversant with illness on a broad scale because, although certain
diseases affect primarily the blood and blood-forming tissues, more often, disorders of other organ systems result in
alterations in the hematopoietic system. A sound and thorough background is essential for the hematologist because
modern oncologic therapy affects tissues other than those of the hematopoietic system and can be associated with
diverse complications.

The symptoms of hematologic disorders are so varied and nonspecific that in themselves they may not suggest a
hematologic problem. Thus, unexplained fever, extreme fatigability, or recurrent infections may or may not be caused by
a hematologic condition. Likewise, physical examination may or may not direct attention to the hematopoietic system.
The physical signs may be mainly those of congestive heart failure when the primary condition is pernicious anemia in
relapse, adenopathy and splenomegaly when the underlying condition is a self-limited childhood infection, or nothing
other than pallor when leukemia or aplastic anemia is the underlying disorder. In other instances, sternal tenderness, or
bone tenderness elsewhere, hemorrhages, or spoon nails may direct attention to the hematopoietic system.

Certain details of history must receive special inquiry. These include exposure to physical or chemical agents, which may
have caused injury, and to drugs, prescribed or self-medicated. Often overlooked are substances used at work and in the
home, such as pesticides and solvents. Especially misleading is the fact that only the exceptional individual is harmed by
most of these agents, thereby giving the patient and the physician a false sense of security. For example, in patients given
chloramphenicol, only rarely did aplastic anemia develop. Also deserving special inquiry is the diet, the degree and
frequency of menstrual blood loss, evidence of intestinal blood loss, and the presence or the absence of fever.

In addition, family history is important in the differential diagnosis of hematologic disorders. Knowledge of ethnic origin or
a history of jaundice, anemia, cholelithiasis, splenectomy, or bleeding in male rather than in female members of the
family, for example, may offer useful clues. Furthermore, history alone may be insufficient. Although symptoms may be
denied, a palpable

P.xxvi

spleen on physical examination or morphologic changes seen in the blood smear, such as target cells and basophilic
stippling, may direct attention to the hitherto unsuspected hereditary disorder. A family history is only as good as the
thoroughness of the inquiry.

In the physical examination, careful attention should be given to the color of the skin, the sclerae and the nails, the
presence of lymphadenopathy, sternal or other bone tenderness, splenomegaly, and petechiae in the mouth, ocular fundi,
or skin. Unless the patient has been examined while lying on his or her right side, with the abdomen relaxed, as well as in
the usual manner in the supine position, a search for an enlarged spleen cannot be considered complete. One also should
be careful not to miss a renal tumor or mistake it for an enlarged spleen.

In addition to the history and physical examination, it is necessary to determine whether anemia is present, to calculate
the red cell indices, and to measure the concentrations of the leukocytes and platelets. The erythrocyte sedimentation
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rate may be included as a useful, nonspecific indicator of acute or chronic conditions. Blood chemical examinations,
especially those for blood urea nitrogen, creatinine, and uric acid, are also essential. Usually, in an automated laboratory,
it is faster, equally accurate, and less costly in time and money to obtain a battery of such data as part of the initial
evaluation.

The stained blood smear must be examined not only to determine the differential leukocyte count but also to search for
other signs of abnormality. The latter, at least, should be done by the hematologist. Even if one could count on perfect
laboratory examinations and reports (which one cannot, even with the best laboratories), nothing can replace the careful
scrutiny of the blood smear by a physician who knows the patient's complaints and physical findings. Subtle abnormalities
in red cell morphology may have been overlooked or a rare nucleated red cell or an immature or abnormal leukocyte may
have been missed; a platelet count may have been reported as being low, but the blood smear may show otherwise.

The indiscriminate selection of a battery of hematologically oriented tests, such as obtaining a Coombs test and levels of
serum iron, By,, and folic acid, in every anemic patient is wasteful, unwise, and unnecessary. In particular, bone marrow
examination, which too often is done almost automatically in conditions suspected to be hematopoietic, is unjustified as a
routine part of the hematologic examination. Bone marrow examination is useful in certain situations but cannot be
expected to be helpful in others.

Again, the tendency to order procedures such as red cell survival studies, liver and spleen scans, or other costly or time-
consuming examinations when the same information can be obtained or inferred by simpler means only taxes the
financial resources of the patient and the health care system.

Results of the initial investigation often direct further study in one of three or four areas, the approaches to which are
described in later chapters. Thus, if anemia appears to be the outstanding feature, refer Chapter 22 for steps to follow in
investigating its nature and cause. The investigation of patients with bleeding disorders is outlined in Chapter 45.
Abnormalities in the numbers or morphologic characteristics or leukocytes, splenomegaly, lymphadenopathy, recurrent
infection, or other signs of abnormal immunologic or phagocytic function are explored in Chapter 56. If all of the formed
blood elements are deficient (pancytopenia), consult Chapters 37 and 38. The steps outlined in these chapters, along with
the guidance of a provisional diagnosis on the basis of evidence disclosed to that point, make the diagnostic process a
logical and orderly procedure. In such a stepwise fashion, an accurate diagnosis can be reached with a minimum of trouble
to the patient and at minimal cost. Only in the most complex cases is an exhaustive investigation justified.

PRINCIPLES OF MANAGEMENT

The successful and intelligent management of disease depends on three elements: accuracy of diagnosis, understanding
of the nature of the abnormalities discovered and their ultimate prognosis if unchecked, and appreciation of the character
of the patient and his or her reaction to the illness. Other important factors that must be considered in this connection are
the patient's age, responsibilities, concerns, and fears.

Accuracy of diagnosis obviously is fundamental and influences the treatment of the patient. If the diagnosis is uncertain,
one must consider what additional steps must be undertaken in seeking the diagnosis; whether the suspected possibilities
justify those steps; whether consultation might be helpful; whether one is justified in waiting to allow the disease process
to progress without interference, thereby permitting it to declare itself more clearly; and whether a therapeutic trial
based on the most likely diagnosis is justified. One must avoid diffuse testing and data gathering, which may be expensive
and of limited value.

Physicians should regard the discovery of anemia in a patient as a challenge. Anemia is a manifestation of disease, not a
disease in itself. The anemia may be a subtle sign of chronic renal insufficiency, of malignancy, or of chronic infection that
has not otherwise declared itself. In such cases, management depends on the nature of the underlying cause. If the
anemia is of the iron-deficient type, it is a signal to search for its cause and eliminate it if possible; moreover, the anemia
can usually be relieved by appropriate iron therapy.

In addition, it is essential that the physician understand the nature of the abnormality or the disease that has been
discovered. It is as wrong to alarm the patient when this is not justified as it is to fail to discover some disorder that should
have been recognized and treated. It is especially important to be cautious in the way one uses terms such as leukemia
that have life-threatening implications. Some forms of chronic lymphocytic leukemia, for example, are so slow in their
progress (even requiring no treatment for many years) that this term is misleading. Likewise, other terms that have
serious implications and yet refer to diseases with wide ranges of prognostic implication must be used most cautiously.

Accurate diagnosis and knowledge of the prognosis, both with and without various modes of therapy, should guide the
physician in answering the three major questions of therapy:



Wintrobe's Clinical Hematology 13th Edition

WHETHER to treat
WHEN to treat
with WHICH modality

The therapeutic measures, particularly the chemotherapeutic agents available to hematologists, carry a substantial
potential for harm. Potential gain must be weighed against potential risks. This is especially true when therapeutic
expectation is palliation rather than cure of the disease.

Although it is self-evident that the physician must be mindful of the patient's fears and hopes and those of his or her
family, it is too easy to overlook this need. The physician must take the time to give the patient and his or her family some
understanding of the illness (if there is one) with sensitivity and sympathy. The physician must choose carefully each word
he or she uses and consider how comments may be interpreted or misinterpreted. The nature and course of certain
hematologic disorders are such that in some patients reassurance may be far more helpful than any other measure the
physician can offer. Consultation with another physician, preferably an expert, may be of value to the emotional well-
being of certain patients, even when the physician is certain of the diagnosis and the appropriate treatment.

Undertaking meaningless therapy, treating only because of the magnitude of the white blood cell count, for example,
without considering the psychologic effects of such attention to what may be a minor manifestation of the disease, and
risking the possibility
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of injury by the therapeutic agents used without considering the normal course of the disease are common errors in
judgment.

Dealing with the terminally ill patient and his or her family requires compassion, wisdom, and tact. One must be truthful
and also understanding; what is especially important is how the truth is told. Furthermore, it is rare that a patient wants
to know the whole truth. It is wise to give the patient and his or her family an opportunity to ask questions. In that way,
the facts come out more gradually, and a blunt announcement of the likely outcome is avoided.

Patients and their families often ask how long the patient will live. No physician is able to predict this with any accuracy.
On the one hand, the stamina of patients and their will to live vary greatly; on the other, it is difficult to guess what
unexpected events may occur that will bring closer, or postpone, the ultimate end.
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Part | - Laboratory Hematology

Chapter 1 Examination of the Blood and Bone
Marrow

Careful assessment of the blood is often the first step in assessment of hematologic function and diagnosis of related
diseases, and many hematologic disorders are defined by specific blood tests. Examination of blood smears and
hematologic parameters yields important diagnostic information about cellular morphology, quantification of the blood
cellular components, and evaluation of cellular size and shape that allows formation of broad differential diagnostic
impressions, directing additional testing. This chapter introduces the fundamental concepts and limitations that underlie
laboratory evaluation of the blood and outlines additional testing that may aid in evaluating a hematologic disorder,
including special stains and bone marrow examination.

Blood elements include erythrocytes or red cells, leukocytes or white cells, and platelets. Red blood cells (RBCs) are the
most numerous blood cells in the blood and are required for tissue respiration. RBCs lack nuclei and contain hemoglobin,
an iron-containing protein that acts in the transport of oxygen and carbon dioxide. White blood cells (WBCs) serve an
immune function and include a variety of cell types that have specific functions and characteristic morphologic
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appearances. In contrast to mature red cells, WBCs are nucleated and include neutrophils, lymphocytes, monocytes,
eosinophils, and basophils. Platelets are cytoplasmic fragments derived from marrow megakaryocytes that function in
coagulation and hemostasis.

Blood evaluation requires quantification of each of the cellular elements by either manual or automated methods.
Automated methods, using properly calibrated equipment,l’2 are more precise than manual procedures. In addition,
automated methods may provide additional data describing cellular characteristics such as cell volume. However, the
automated measurements describe average cellular characteristics but do not adequately describe the scatter of
individual values around the average. Hence, a bimodal population of small (microcytic) and large (macrocytic) RBCs might
be reported as normal cell size. Therefore, a thorough blood examination also requires microscopic evaluation of a stained
blood film to complement hematology analyzer data, especially when new findings are identified.>* and ®

SPECIMEN COLLECTION

Proper specimen collection is required for acquisition of reliable and accurate laboratory data for any hematologic
specimen. Before a specimen is obtained, careful thought as to what studies are needed will aid in optimal collection of
samples. Communication with laboratory personnel analyzing the specimen is often helpful in ensuring proper handling
and test performance.

A number of factors may affect hematologic measurements, and specimens should be collected in a standardized manner
to reduce data variability. Factor example, patient activity, level of hydration, medications, sex, age, race, smoking, and
anxiety may significantly affect hematologic parameters.w’8 Similarly, the age of the specimen may affect the quality of
the data collected.”*° Thus, data such as patient age, sex, and time of specimen collection should be noted, as well as
pertinent correlative clinical information.

Most often, blood is collected by venipuncture into collection tubes containing anticoagulant.11 The three most commonly
used anticoagulants are tripotassium or trisodium salts of ethylenediaminetetraacetic acid (EDTA), trisodium citrate, and
heparin. EDTA and disodium citrate act to remove calcium, which is essential for the initiation of coagulation, from the
blood.™ Heparin acts by forming a complex with antithrombin in the plasma to prevent thrombin formation. EDTA is the
preferred anticoagulant for blood counts because it produces complete anticoagulation with minimal morphologic and
physical effects on cells. Heparin causes a bluish coloration of the background when a blood smear is stained with Wright-
Giemsa stains, but does not affect cell size or shape. Heparin is often used for red cell testing, osmotic fragility testing, and
functional or immunologic analysis of leukocytes. Heparin does not completely inhibit white blood cell or platelet
clumping. Trisodium citrate is the preferred anticoagulant for platelet and coagulation studies.

The concentration of the anticoagulant used may affect cell concentration measures if it is inappropriate for the volume of
blood collected and may also distort cellular morphology. Most often, blood is collected directly into commercially
prepared negative-pressure vacuum tubes (Vacutainer tubes; Becton Dickinson, Franklin Lakes, NJ), which contain the
correct concentration of anticoagulant when filled appropriately, thereby minimizing error.™ Anticoagulated blood may
be stored at 4°C for a 24-hour period without significantly altering cell counts or cellular morphology.9 However, it is
preferable to perform hematologic analysis as soon as possible after the blood is obtained.

RELIABILITY OF TESTS

In addition to proper acquisition of specimens, data reliability requires precise and reproducible testing methods. Both
manual and automated testing of hematologic specimens must be interpreted in light of expected test precision,
particularly when evaluating the significance of small changes. All laboratory tests
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are evaluated with respect to both accuracy and reproducibility. Accuracy is the difference between the measured value
and the true value, which implies that a true value is known. Clearly, this may present difficulties when dealing with
biologic specimens. The National Committee for Clinical Laboratory Standards (NCCLS) and the Clinical and Laboratory
Standards Institute (CLSI) have attempted to develop standards to assess the accuracy of blood smear examination'* and
automated blood cell analyzers.2 Automated instrumentation requires regular quality assurance evaluations and careful
calibration to reach expected performance goals and the ability to collect accurate and reproducible data.”"**® In addition,
the International Consensus Group for Hematology Review has suggested criteria that should lead to manual review of a
specimen after automated analysis and differential counting.3

CELL COUNTS
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Cell counts are important parameters in evaluating the blood. Cell counts may be determined either manually or by
automated hematology analyzers. Whether performed by manual or automated methodologies, the accuracy and
precision of the counts depend on proper dilution of the blood sample, even distribution of cells, and precise sample
measurement. As blood contains large numbers of cells, sample dilution is usually required for accurate analysis. The type
of diluent is dependent on the cell type to be enumerated. Thus, red cell counts require dilution with an isotonic medium,
whereas in white cell or platelet counts, a diluent that lyses the more numerous red cells is often used to simplify
counting. The extent of dilution also depends on the cell type. In general, red cell counts need more dilution than is
required for the less abundant WBCs. Errors in cell counts are caused primarily by errors in sample measurement, dilution,
or enumeration of cells. The highest degree of precision occurs when a large number of cells can be evaluated. Clearly,
automated methods are superior to manual methods for counting large numbers of cells and minimizing statistical error.
Table 1.1 lists the comparable values of reproducibility for automated and manual (hemocytometer) counting methods.

Manual counts are done using a microscope after appropriate dilution of the sample in a hemocytometer, a specially
constructed counting chamber that contains a specific volume. Red cells, leukocytes, and platelets may be counted. Due
to the inherent imprecision of manual counting and the amount of technical time required, most cell counting is now
performed by automated instruments that increase the accuracy and speed of analysis by the clinical laboratory, thereby
minimizing levels of human manipulation for test entry, sampling, sample dilution, and analysis.16 With increasing
automation, some hematology analyzers can be coupled with instruments performing other laboratory tests using the
same tube of blood." There is a variety of different automated hematology analyzers available, dependent on the volume
of samples to be tested and the specific needs of the physician ordering testing. The analyzers range in price and workload
capacity from those that would be appropriate for an individual physician's office or point-of-care facility to those needed
in a busy reference laboratory with capacity for over 100 samples to be analyzed per hour.'®

TABLE 1.1 REPRODUCIBILITY OF BLOOD COUNTING PROCEDURES
Two Coefficients of Variation

Cell Type Counted Hemocytometer® (%) Automated Hematology Analyzer (%)
Red cells +11.0 1.0
White cells +16.0 1.5
Platelets” +22.0 +2.0
Reticulocytes +33.9 5.0

&Minimum error. Usual error.

®Error may be greater with low (<35 x 10%L) or very high (>450 x 10%/L) platelet counts. Data derived
from Bentley S, Johnson A, Bishop C. A parallel evaluation of four automated hematology analyzers.
Am J Clin Pathol 1993:100:626-632** and Wintrobe M. A simple and accurate hematocrit. J Lab Clin
Med 1929;15:287-289".

Most automated hematology analyzers perform a variety of hematologic measurements, in addition to cell counting, such
as hemoglobin concentration (Hb), red cell size, and leukocyte differentials. Many instruments also perform more
specialized testing, such as reticulocyte counts.” The ability of analyzers to perform accurate WBC differential counts,
particularly those that can perform a five-part differential (enumerating neutrophils, lymphocytes, monocytes,
eosinophils, and basophils), has been a significant technologic advance over the past 15 years. Automated methods for
white cell counts and differentials use several distinct technical approaches, including measurement of electrical
impedance, di;‘fgrential light scatter, optical properties, or surface antigen/cytochemical staining either alone or in
combination."”

Most of the newer-generation hematology analyzers utilize optical flow cytometric technologies with or without
additional cytochemical staining to detect specific cell types such as red cells, white cells, and platelets (Fig. 1.1).19'21'22 The
newer analyzers have the additional ability to detect reticulocytes as part of the normal complete blood count (CBC)
differential using a fluorescent RNA dye and many will also enumerate nucleated red blood cell numbers based on their
optical properties.23 In addition, many of the current analyzers do auto sampling directly from tubes
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and use a very small sample ranging from 35 to 150 pl for a full CBC analysis. Using flow cytometric technologies, some
analyzers also have the ability to detect specific blood cell populations by specific antigen expression, such as detection of
CD34 peripheral blood stem cells or leukemic blasts.*** and *° Integration of data from cytochemical or antigenic staining
and light scatter properties has improved the accuracy of the five-part differential and decreased the numbers of
unidentifiable cells requiring technician review for identification.

Various Angles
of Scattered Light

‘\ Sample Stream

Focused
Laser Beam |
Sheath
Sample Stream
Feed Nozzle I

FIGURE 1.1. Optical flow cytometric type of automated hematology analyzer. A suspension of cells is passed through a
flow chamber and focused into a single cell sample stream. The cells pass through a chamber and interact with a laser
light beam. The scatter of the laser light beam at different angles is recorded, generating signals that are converted to
electronic signals giving information about cell size, structure, internal structure, and granularity. (Adapted and redrawn
from Cell-Dyn 3500 Operator's Manual. Santa Clara, CA: Abbott Diagnostics, 1993.)

Instruments from Abbott Laboratories (CELL-DYN),lG’27 Horiba Medical (ABX Pentra series), and Sysmex (XE series, XT

series, and XS series)ls’zs’29 primarily utilize fluorescent-based flow cytometry as the modality for analysis. Each system has
slightly different fluorochrome staining combinations that aid in the identification of white cells, red cells, and platelets in
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combination with light scatter characteristics. All provide integrated reticulocyte counts and five-part differentials.
Workload capacities range from 70 to 106 samples analyzed per hour. When reticulocytes are ordered as a part of the
differential, the capacity falls to between 40 and 60 samples per hour (allowing for the staining and detection of the RNA
dye fluorescence). Instruments by Siemens (Advia 120 and 2120 series) use a combination of flow cytometric techniques
and a cytochemical peroxidase stain for the five-part differential. This instrument integrates electrical impedance data,
flow cytometric light scatter, characteristic fluorescent staining, and cytochemical staining to generate an accurate white
blood cell differential. Siemens technology also calculates hemoglobin levels, claiming that this causes less interference by
high white blood cell counts or lipemia in the specimen.ls’w’31 Instruments from Beckman/Coulter (Coulter DxH series, LH
500 series, LH 750 series, LH 780 series) also utilize electrical impedance or conductivity in combination with light scatter
approaches, integrating these technologies to provide full analysis and five-part differentials (Fig. 1.2). The
Beckman/Coulter series includes nucleated RBCs and reticulocyte counts in every differential. Its capacity is 45 samples
per hour when reticulocytes are included and 100 samples per hour for a CBC without reticulocyte counts.™®

WBC RBC
REL#
Vv
o 1 |
L 50 100 200 300 f
u
M PLT
E
REL#
| 1
DF 1 2 10 20 30 f
ID# 1 WBC 6.7 RBC 4.56
ID# 2 % # HGB 135
Sequence # NE 594 4.1 HCT 403
LY 316 2.1 MCV 883
DATE: 06/21/96 MO 7.7 0.5 MCH 295
TIME: 08:55:45 EO 0.7 0.0 MCHC 335
Cass/Pos S BA 06 0.0 RDW 134
Normal WBC Pop PLT 502
Normal RBC Pop
MPV 8.2

Normal PLT Pop

FIGURE 1.2. Histograms and printout generated by the Coulter automated hematology analyzer utilizing light scatter and
electrical impedance. BA, basophil; EO, eosinophil; HCT, hematocrit; HGB, hemoglobin; LY, lymphocyte; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MO,
monocyte; MPV, mean platelet volume; NE, neutrophil; PLT, platelet; RBC, red blood cell; RDW, red cell distribution width;

WBC, white blood cell.

RED BLOOD CELL ANALYTIC PARAMETERS

RBCs are defined by three quantitative values: the volume of packed red cells or hematocrit (Hct), the amount of
hemoglobin (Hb), and the red cell concentration per unit volume. Three additional indices describing average qualitative
characteristics of the red cell population are also collected. These are mean corpuscular volume (MCV), mean corpuscular
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hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC). All of these values are routinely collected
and calculated by automated hematology analyzers, largely replacing many of the previously used manual or semi-
automated methods of RBC characterization, with certain exceptions as noted below. The use of hematology analyzers
imparts a high degree of precision compared to manual measurements and calculations (Tables 1.1 and 1.2).

Volume of Packed Red Cells (Hematocrit)

The hematocrit is the proportion of the volume of a blood sample that is occupied by red cells. Hct may be determined
manually by centrifugation of blood at a given speed and time in a standardized glass tube with a uniform bore, as was
originally described by Wintrobe." The height of the column of red cells after centrifugation compared with total blood
sample volume yields the Hct. Macromethods (using 3-mm test tubes) with low-speed centrifugation or micromethods
using capillary tubes and high-speed centrifugation may also be used.

Manual methods of measuring Hct are simple and accurate means of assessing red cell status. They are easily performed
with little specialized equipment, allowing adaptation for situations in which automated cell analysis is not readily
available or for office use. However, several sources of error are inherent in the technique. The spun Hct measures the red
cell concentration, not red cell mass. Therefore, patients in shock or with volume depletion may have normal or high Hct
measurements due to hemoconcentration despite a decreased red cell mass. Technical sources of error in manual Hct
determinations usually arise from inappropriate concentrations of anticoagulants,32 poor mixing of samples, or insufficient
centrifugation.15 Another inherent error
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in manual Hct determinations arises from trapping of plasma in the red cell column. This may account for 1% to 3% of the
volume in microcapillary tube methods, with macrotube methods trapping relatively more plasma.aa’34 It should be noted
that abnormal red cells (e.g., sickle cells, microcytic cells, macrocytic cells, or spherocytes) often trap higher volumes of
plasma due to increased cellular rigidity, possibly accounting for up to 6% of the red cell volume.* Very high Hcts, asin
polycythemia, may also have excess plasma trapping. Manual Hct methods typically have a precision coefficient of
variation (CV) of approximately 2%.*

TABLE 1.2 REPRODUCIBILITY OF RED CELL INDICES
% Error (£2 Coefficients of

Index Method Used Variation)
Hemoglobin concentration Spectrophotometric Automated 1.0-2.0<1.0
Mean corpuscular volume Hemocytometer Automated 9.5<1.0
Mean corpuscular hemoglobin Hemocytometer Automated 10.0 0.6-1.2
Mean corpuscular hemoglobin Automated 1.0-15

concentration

Data derived from Bentley S, Johnson A, Bishop C. A parallel evaluation of four automated
hematology analyzers. Am J Clin Pathol 1993;100:626-632; NCCLS. Reference and standard
procedure for quantitative determination of haemoglobin in blood, 2nd ed. Document H15-A2.
Villanova, PA: NCCLS, 1994 and International Committee for Standardization in Haematology.
Recommendations for reference method for haemoglobinometry in human blood (ICSH Standard
1986) and specifications for international haemoglobincyanide reference preparation, 3rd ed. Clin Lab
Haematol 1987;9:73-79.

Automated analyzers do not depend on centrifugation techniques to determine Hct, but instead calculate Hct by direct
measurements of red cell number and red cell volume (Hct = red cell number x mean red cell volume). Automated Hct
values closely parallel manually obtained measurements, and the manual Hct is used as the reference method for
hematology analyzers (with correction for the error induced by plasma trapping). Errors of automated Hct calculation are
more common in patients with poncythemia35 or abnormal plasma osmotic pressures.36 Manual methods of Hct
determination may be preferable in these cases. The precision of most automated Hcts is <1% (CV).16

Hemoglobin Concentration
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Hemoglobin (Hb) is an intensely colored protein, allowing its measurement by spectrophotometric techniques.
Hemoglobin is found in the blood in a variety of forms, including oxyhemoglobin, carboxyhemoglobin, methemoglobin,
and other minor components. These may be converted to a single stable compound, cyanmethemoglobin, by mixing
blood with Drabkin solution (containing potassium ferricyanide and potassium cyanide).>** Sulfhemoglobin is not
converted but is rarely present in significant amounts. The absorbance of the cyanhemoglobin is measured in a
spectrophotometer at 540 nm to determine Hb. This technique is used both in manual determinations and automated
hematology analyzers. Hb is expressed in grams per deciliter (g/dl) of whole blood. The main errors in measurement arise
from dilution errors or increased sample turbidity due to improperly lysed red cells, leukocytosis, or increased levels of
lipid ?Gr protein in the plasma.*®*° and ** With automated methods the precision for hemoglobin determinations is <1%
(Cv).

Red Cell Count

Manual methods for counting red cells have proven to be very inaccurate, and automated counters provide a much more
accurate reflection of red cell numbers.* Both erythrocytes and leukocytes are counted after whole blood dilution in an
isotonic solution. As the number of red cells greatly exceeds the number of white cells (by a factor of 500 or more), the
error introduced by counting both cell types is negligible. However, when marked leukocytosis is present, red cell counts
and volume determinations may be erroneous unless corrected for white cells. The observed precision for RBC counts
using autczzmated hematology analyzers is <1% (cv)*® compared with a minimum estimated value of 11% with manual
methods.

Mean Corpuscular Volume

The average volume of the red blood cell is a useful parameter that is used in classification of anemias and may provide
insights into pathophysiology of red cell disorders.*** and ** The MCV is usually measured directly with automated
instruments but may also be calculated from the erythrocyte count and the Hct by means of the following formula®:

MCV = Hct (L/L) x 1,000/red cell count (10"/L)

The MCV is measured in femtoliters (fl, or 10" L). Using automated methods, this value is derived by dividing the
summation of the red cell volumes by the erythrocyte count. The CV in most automated systems is approximately 1%,'°
compared to “10% for manual methods.®

Agglutination of cells, as in cold agglutinin disease or paraproteinemia, may result in a falsely elevated MCV.* Most
automated analyzers gate out MCV values above 360 fl, thereby excluding most red cell clumps, although this may falsely
lower Hct determinations. In addition, severe hyperglycemia (glucose >600 mg/dl) may cause osmotic swelling of the red
cells, leading to a falsely elevated Mcv. >

Mean Corpuscular Hemoglobin

MCH is a measure of the average hemoglobin content per red cell. It may be calculated manually or by automated
methods using the following formula®:

MCH = hemoglobin (g/L)/red cell count (10"/L)

MCH is expressed in picograms (pg, or 10" g). Thus, the MCH is a reflection of hemoglobin mass. In anemias secondary to
impaired hemoglobin synthesis, such as iron deficiency anemia, hemoglobin mass per red cell decreases, resulting in a
lower MCH value. MCH measurements may be falsely elevated by hyperIipidemia,41 as increased plasma turbidity will
erroneously elevate hemoglobin measurement. Centrifugation of the blood sample to eliminate the turbidity followed by
manual hemoglobin determination allows correction of the MCH value. Leukocytosis may also spuriously elevate MCV
values.” The CV for automated analysis of MCH is <1% in most modern analyzers, compared with approximately 10% for
manual methods.”

Mean Corpuscular Hemoglobin Concentration

The average concentration of hemoglobin in a given red cell volume or MCHC may be calculated by the following
formula®™:

MCHC = hemoglobin (g/dl)/Hct (L/L)

The MCHC is expressed in grams of hemoglobin per deciliter of packed RBCs, representing the ratio of hemoglobin mass to
the volume of red cells. With the exception of hereditary spherocytosis and some cases of homozygous sickle cell or
hemoglobin C disease, MCHC values will not exceed 37 g/dl. This level is close to the solubility value for hemoglobin, and
further increases in Hb may lead to crystallization. The accuracy of the MCHC determination is affected by factors that
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have an impact on measurement of either Hct (plasma trapping or presence of abnormal red cells) or hemoglobin
(hyperlipidemia, Ieukocytosis).39 The CV for MCHC for automated methods ranges between 1.0% and 1.5%."

As noted above, the MCV, MCH, and MCHC reflect average values and may not adequately describe blood samples when
mixed populations of red cells are present. For example, in sideroblastic anemias, a dimorphic red cell population of both
hypochromic and normochromic cells may be present, yet the indices may be normochromic and normocytic. It is
important to examine the blood smear as well as red cell histograms to detect such dimorphic populations.3 The MCV isan
extremely useful value in classification of anemias,"®**® but the MCH and MCHC often do not add significant, clinically
relevant information. However, the MCH and MCHC play an important role in laboratory quality control because these

values will remain stable for a given specimen over time.
Red Cell Distribution Width

The red cell distribution width (RDW) is a red cell measurement that quantitates cellular volume heterogeneity reflecting
the range of red cell sizes within a sample.43’5°’51’52 RDW has been proposed to be useful in early classification of anemia as
it becomes
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abnormal earlier in nutritional deficiency anemias than other red cell parameters, especially in cases of iron deficiency
anemia.”>* RDW is particularly useful in characterizing microcytic anemia, allowing discrimination between
uncomplicated iron deficiency anemia (high RDW, normal to low MCV) and uncomplicated heterozygous thalassemia
(normal RDW, low MCV),‘B‘Sa‘54 and > although other tests are usually required to confirm the diagnosis.56 RDW is also
useful in identifying red cell fragmentation, agglutination, or dimorphic cell populations (including patients who have had
transfusions, have sideroblastic anemias, or have been recently treated for a nutritional deficiency).53’57

Reticulocyte Counts

Determination of the numbers of reticulocytes or immature, nonnucleated RBCs that still retain RNA provides useful
information about the bone marrow's capacity to synthesize and release red cells in response to a physiologic challenge,
such as anemia. In the past, reticulocyte counts were performed manually using supravital staining with methylene blue
that will stain precipitated RNA as a dark blue meshwork or granules (at least two per cell), allowing reticulocytes to be
identified and enumerated manually.58 Normal values for reticulocytes in adults are 0.5% to 1.5%, although they may be
2.5% to 6.5% in newborns (falling to adult levels by the second week of life). Because there are relatively low numbers of
reticulocytes, the CV for reticulocyte counting is relatively large (10% to 20%).59

To increase accuracy of reticulocyte counting, automated detection methods to detect staining allow for many more cells
to be analyzed, thereby increasing accuracy and precision of counts.”®***®! Most of the newest automated hematology
analyzers have automated reticulocyte counting as part of the testing capabilities and allow reticulocyte counts to be
included with routine complete blood count parameters. Reticulocytes are detected by a fluorescent dye that binds to
RNA. Comparisons of stand-alone instruments and integrated hematology analyzers demonstrate superior accuracy when
compared to manual counting methods, with CVs of 5% to 8%.16%2

LEUKOCYTE ANALYSIS
White Blood Cell Counts

Leukocytes may be enumerated by either manual methods or automated hematology analyzers. Leukocytes are counted
after dilution of blood in a diluent that lyses the RBCs (usually acid or detergent). The much lower numbers of leukocytes
present require less dilution of the blood than is needed for red blood cell counts (usually a 1:20 dilution, although it may
be less in cases of leukocytopenia or more with leukocytosis). Manual counts are done using a hemocytometer or
counting chamber. As with red cell counts, manual leukocyte counts have more inherent error, with CVs ranging from
6.5% in cases with normal or increased white cell counts to 15% in cases with decreased white cell counts. Automated
methods characteristically yield CVs in the 1% to 3% range.16 Automated leukocyte counts may be falsely elevated in the
presence of cryoglobulins or cryoﬁbrinogen,63 aggregated pIateIets,64 and nucleated RBCs, or when there is incomplete
lysis of red cells, requiring manual counting. Falsely low neutrophil counts have also been reported due to granulocyte

. . . .. . 65,66
agglutination secondary to surface immunoglobulin interactions.

Leukocyte Differentials

White cells are analyzed to find the relative percentage of each cell type by a differential leukocyte count. Uniform
standards for performing manual differential leukocyte counts on blood smears have been proposed by the CLSI® to
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ensure reproducibility of results between laboratories. It is important to scan the entire blood smear at low power to
ensure that all atypical cells and cellular distribution patterns are recognized. In wedge-pushed smears, leukocytes tend to
aggregate in the feathered edge and side of the blood smear rather than in the center of the slide. Larger cells (blasts,

68 . . .
monocytes) also tend to aggregate at the edges of the blood smear.” Use of coverslip preparations and spinner systems
tends to minimize this artifact of cell distribution. For wedge-pushed smears, it is recommended that a battlement pattern
of smear scanning be used in which one counts fields in one direction, then changes direction and counts an equal
number of fields before changing direction again to minimize distributional errors.®’

In manual leukocyte counts, three main sources of error are found: distribution of cells on the slide, cell recognition
errors, and statistical sampling errors. Poor blood smear preparation and staining are major contributors to cell
recognition and cell distribution errors.®® Statistical errors are the main source of error inherent in manual counts, due to
the small sample size in counts of 100 or 200 cells. The CV in manual counts is between 5% and 10% and is also highly
dependent on the skill of the technician performing the differential. Accuracy may be improved by increasing the numbers
of cells counted, but for practical purposes, most laboratories will do a differential on 100 white cells.”®”*

Automated leukocyte differentials markedly decrease the time and cost of performing routine examinations as well as
increasing accuracy to a CV of 3% to 5%.”%""7? However, automated analysis is incapable of accurately identifying and
classifying all types of cells and is particularly insensitive to abnormal or immature cells. Therefore, most analyzers will flag
possible abnormal white cell populations, indicating the need for examination by a skilled morphologist for
identification.”” The capacity for performing automated leukocyte differentials is incorporated into hematology analyzers,
which identify cells on the basis of cellular size, cell complexity, or staining characteristics as part of the complete blood
count, allowing for generation of a five-part differential count that enumerates neutrophils, monocytes, lymphocytes,
eosinophils, and basophils.“5

Most systems perform cell counts on specimens via continuousflow cytometric analysis of blood samples in which the red
cells have been lysed and white cells fixed. The cells are suspended in diluent and passed through an optical flow cell in a
continuous stream so that single cells are analyzed for cell size (forward scatter) and complexity (dark-field light scatter)
(Fig. 1.1) or cytochemical characteristics of myeloperoxidase staining (bright-field detector). The data are plotted as a
scattergram (Fig. 1.2), which allows white cells to be divided into a five-part differential (neutrophils, lymphocytes,
monocytes, eosinophils, and basophils) and also indicates large unstained or unclassified cells. Lymphocytes are
characterized as small (low-scatter) unstained cells. Larger atypical lymphocytes, blasts, or circulating plasma cells fall into
the larger cell with a low-complexity channel. Neutrophils have higher complexity and appear as larger cells. Eosinophils
appear smaller than neutrophils because they tend to absorb some of their own light scatter. Monocytes have lower
levels of complexity and are usually found between neutrophils and lymphocytes. To enumerate basophils, which lack
specific staining characteristics and are difficult to enumerate with automated flow-through techniques, a basophil-
nuclear lobularity channel may be utilized. For this determination, RBCs and WBCs are differentially lysed, leaving bare
leukocyte nuclei, with the exception of basophils, which are resistant to lysis and can then be counted based on relatively
large cell size due to the retained cytoplasm. Light scatter data obtained from the leukocyte nuclei may also help identify
blasts, which have a lower light scatter than do mature
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lymphocyte nuclei. Abnormal cell populations will generate a flag, indicating a need for morphologic review of the
peripheral smear.’? Analysis using this technique examines thousands of cells per sample, increasing statistical accuracy.16

Most of the current hematology analyzers have settings that will allow for evaluation of very hypocellular specimens, such
as body fluids. They may be used for analysis of these fluids for enumeration of red cells and white cells, as well as
providing a five-part differential count of the white cells. Because of the sampling of higher numbers of cells in these
relatively hypocellular specimens, accuracy of cell counts and differential counting is im proved.?’o'?’”?"74 and

A few instruments, such as the Advia 2120 and the Coulter LH755, also have integrated automated blood smear
preparation technology allowing smear preparation directly from the tube upon which the CBC analysis is performed.
Thus, the tube is loaded once into a single machine to allow for CBC analysis as well as peripheral blood smear
preparation.16 Many manufacturers also have automated slide makers and stainers, which provide wedge smears from up
to 80 slides per hour directly from CBC tubes; however, these are generally free-standing instruments separated from the
hematology analyzer. The automated push smear technology helps to provide technical uniformity in blood smear
preparation as well as staining. However, there is less flexibility in adjusting stain characteristics. These instruments
sample directly from the tube, also minimizing handling of samples by technical staff.
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In addition to technology that has the ability to make and stain slides, some automated differential technology via imaging
is now available. For instance, Sysmex (CellaVision) has an automated image analyzer that by pattern recognition will
capture digital images of 100 to 500 cells in a smear and classify them into morphologic categories to provide a five-part
differential. Depending on the model utilized, these technologies have the abilities to perform between 20 and 60
automated digital differentials per hour. The systems have the capacity to store images and are useful in training
technologists in the recognition of the specific cell types as well as providing an easily accessible means whereby smears
obtained at different times from a single patient may be compared morphologically.” These systems have limitations in
ability to identify morphologically abnormal cells, so specimens with dysplastic changes, unusual morphologic variants, or
significant artifacts may not be evaluable or may provide false data.””’®”® Often these systems will place a certain
percentage of cells in an unclassifiable area, requiring review by a technologist for definitive identification of the cell type
and completion of the differential. As microscopy is automated, there is a uniform scanning of each slide and images are
presented on a computer screen, decreasing technician microscope time and scanning pattern variability, and also
allowing for the ability to greatly enlarge digitally captured images.78’80

PLATELET ANALYSIS

Platelets are anucleate cytoplasmic fragments that are 2 to 4 um in diameter. As with the other blood components, they
may be counted by either manual or automated methods. Manual methods involve dilution of blood samples and
enumeration in a counting chamber or hemocytometer using phase contrast microscopy. Sources of error are similar to
other manual counting techniques and include dilution errors and low numbers of events counted. The CV, especially in
patients with thrombocytopenia, may be >15%.%"% Platelets are counted in automated hematology analyzers after
removal of red cells by sedimentation or centrifugation, or using whole blood. Platelets are identified by light scatter,
impedance characteristics, or platelet antigen staining.w‘83 These give highly reliable platelet counts with a CV of <2%.
Falsely low platelet counts may be caused by the presence of platelet clumps or platelet agglutinins64 or adsorption of
platelets to Ieukocytes.s“'85 Fragments of red or WBCs may falsely elevate the automated platelet count, but this usually
gives rise to an abnormal histogram that identifies the spurious result.®®’

Automated hematology analyzers also determine mean platelet volume (MPV), which has been correlated with several
disease states.****® |n general, MPV has an inverse relationship with platelet number, with larger platelet volumes
(secondary to new platelet production) seen in thrombocytopenic patients in whom platelets are decreased due to
peripheral destruction (as in idiopathic thrombocytopenic purpura).go’gl’92 MPV is also increased in myeloproliferative
disorders.” However, it should be noted that platelets tend to swell during the first 2 hours in EDTA anticoagulant,
shrinking again with longer storage.%’95 Decreased MPV has been associated with megakaryocytic hypoplasia and
cytotoxic drug therapy.96

Reticulated platelets are newly released platelets that retain residual RNA, analogous to red cell reticulocytes. Reticulated
platelet counts give an estimate of thrombopoiesis and may be useful in distinguishing platelet destruction syndromes
from hypoplastic platelet production.w’98 Reticulated platelets can be detected by flow cytometric methods using thiazole
orange dyes that bind to RNA” or by automated hematology analyzers,mo‘101 although they are not routinely measured.
Normal values vary between 3% and 20%, and 2.5- to 4.5-fold increases in reticulated platelet counts are seen in the
clinical setting of idiopathic thrombocytopenic purpura.m2 Increased reticulated platelets may herald the return of platelet
production after chemotherapy.m3

ADVANTAGES AND SOURCES OF ERROR WITH AUTOMATED HEMATOLOGY

Clearly, the use of automated hematology analyzers has reduced laboratory costs and turnaround time coincident with
improving the accuracy and reproducibility of blood counts. The CV for most of the parameters measured is in the range
of 1% to 2%. This level of reproducibility is not achievable with the use of most manual techniques (Tables 1.1 and 1.2).

Despite this high degree of accuracy, several potential errors may invalidate automated collection of data. Proper
calibration of instrumentation is essential for collection of accurate data. Faulty current settings, which determine
threshold counting values as well as variation in either the counting volumes or flow characteristics of a sample,
negatively affect data accuracy. Electrical or mechanical failures as well as minor voltage fluctuations may induce marked
errors in data collection. Careful calibration of the instrumentation initially, followed by frequent evaluation of
reproducibility by analysis of samples with known cell concentrations, is an essential quality control measure.'% Reference
methods for instrument calibration have been developed by both the NCCLS and the ICSH and are widely used by hospital
and clinical laboratories to ensure regulatory compIiance.49’67’105

Certain disease states are also associated with spuriously high or low results, although some of these are specific to a
particular type of instrumentation (summarized in Table 1.3). Therefore, the individual values obtained from the
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automated hematology analyzer must be interpreted in context with the clinical findings. In addition, careful examination
of the stained blood film often imparts additional information that may not be reflected in the average values that
constitute the automated data. For example, decreased red blood cell counts, macrocytosis, and extremely high MCHC
have been observed in patients with cold agglutinin disease with a higher thermal amplitude and in some patients with
elevated serum viscosity.** High levels of paraprotein may lead to falsely elevated hemoglobin levels, therefore affecting
MCH and
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MCHC calculations.* Older analyzers reported spurious increases in hemoglobin levels when white cell counts exceeded
30 x 10”/L due to increased turbidity, but this is decreased with newer flow systems so that hemoglobin levels remain
extremely accurate in the face of white blood cell counts as high as 100 x 10°/L."® Extremely high white cell counts may
also falsely raise the red cell count and Hct as the white cell count is incorporated into the red cell count. High glucose
levels (>400 to 600 mg/dl) and the associated hyperosmolarity cause red cell swelling and generate a high MCV and Hct
with a falsely low MCHC.*** Increased turbidity associated with hyperlipidemia may also cause falsely elevated
hemoglobin determinations, MCH, and MCHC.*

TABLE 1.3 DISORDERS AND CONDITIONS THAT MAY REDUCE THE ACCURACY OF BLOOD CELL COUNTING®

ComponentDisorder/Condition Effect on Cell Count Rationale

Red cells  Microcytosis or schistocytes May underestimate RBC Lower threshold of RBC
counting window is greater
than microcyte size

Howell-Jolly bodies May spuriously elevate Howell-Jolly bodies are
platelet count (in whole blood similar in size to platelets
platelet counters only)

Polycythemia May underestimate RBC Increased coincidence

counting

White cells Leukocytosis Overestimate RBC Increased coincidence
counting

Acute leukemia and chronic May spuriously lower WBC Increased fragility of
lymphocytic leukemia, viral leukocytes, including
infections immature forms
Chemotherapy of acute May artifactually increase ~ Leukemic cell nuclear or
leukemia platelet count cytoplasmic fragments
identified as platelets
Platelets  Platelet agglutinins May underestimate platelet  Platelet clumping
count, sometimes with Aggregates may be
spurious increase in WBC identified as leukocytes

Plasma Cold agglutinins May underestimate RBC with Red cell doublets, triplets,

Spurious macrocytosis

Cryoglobulins, cryofibrinogens Variation in platelet count

RBC, red blood cell count; WBC, white blood cell count.

®Some of these examples affect counts only when certain instruments are used. The effects depend on
dilution, solutions used, and specimen temperatures.

Adapted from Koepke JA. Laboratory hematology. New York, NY: Churchill Livingstone, 1984.
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Despite the high level of accuracy and precision, the automated hematology analyzers usually have data that create a
warning flag in 10% to 25% of samples, requiring manual examination of the blood smear.>*****’ Blood smear
examination still plays an important role in characterizing these samples or showing findings outside the preset
parameters for the laboratory. In addition, some cells require morphologic examination to identify, such as Sézary cells,
and red cell morphology is best analyzed by direct smear examination.*>**

MORPHOLOGIC ANALYSIS OF BLOOD CELLS

108

Careful evaluation of a well-prepared blood smear is an important part of the evaluation of hematologic disease. Although
a specific diagnosis may be suggested by the data obtained from an automated hematology analyzer, many diseases may
have normal blood counts but abnormal cellular morphology. Examples of abnormal red cells that may be seen in the
peripheral blood smear examination and which are associated with specific disease states are found in Table 1.4.
However, morphologic analysis may be greatly hampered by poorly prepared or stained blood smears. Preparation of
satisfactory blood smears requires careful attention to preparation of the blood smear and staining techniques and
familiarity with the morphologic appearances of normal and pathologic cells.

Preparation of Blood Smears

Blood films may be prepared on either glass slides or coverslips. Each method has specific advantages and
disadvantages.z’wg'no’111 Blood smears are often prepared from samples of anticoagulated blood remaining after
automated hematologic analysis or prepared at the time of analysis. However, artifacts in cell appearance and staining
may be induced by anticoagulant.11 Optimal morphology and staining are obtained from nonanticoagulated blood, most
often from a fingerstick procedure. Mechanical dragging of the cells across the glass of the slide or coverslip and uneven
distribution of blood may also distort the cells; however, these artifacts may be minimized with proper technique.2

Coverslip smears (Fig. 1.3A) are prepared using a good grade of flat, no. 1, 0.5-inch square (or 22 x 22 mm) coverslips that
are free of lint, dust, and grease. Such coverslips allow optimal spreading of the blood over the surface and minimal
artifact. Usually, high-quality coverslips do not require additional cleaning, although there may be some deterioration with
age. Plastic “nonwettable” coverslips are not satisfactory for these preparations. The smear is prepared by holding the
coverslip by two adjacent corners between the thumb and index finger. A small drop of either fresh or anticoagulated
blood is placed in the center of the coverslip. The size of the drop of blood is critical. If the drop is too large, a thick smear
results. If the drop of blood is too small, a very thin smear is obtained. A second coverslip is then grasped in a similar
fashion with the other hand, placed across the first coverslip, and rotated 45° with a steady, rapid, and gentle motion. The
two coverslips are then immediately pulled apart and allowed to air dry. If done properly, this procedure produces two
coverslips with even dispersion of blood without holes or excessively thick areas.'"'?

Blood smears may also be prepared on clean glass slides by the wedge method (Fig. 1.3B). This often leads to irregular
distribution of cells on the slide, a distinct disadvantage over the coverslip procedure. However, glass slides are less
fragile, are easier to handle, and may be labeled more easily than coverslips. To prepare a slide blood smear, a drop of
blood is placed in the middle of the slide approximately 1 to 2 cm from one end. A second spreader slide is placed at a 30°
to 45° angle and moved
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backward to make contact with the blood drop. The blood drop will spread along the slide edge, and then the spreader
slide is moved rapidly forward. This technique creates a film of blood that is 3 to 4 cm long. Artifact may be introduced by
irregular edges in the spreader and by the speed at which the spreader is moved. Glass slide preparations have increased
incidence of accumulation of the larger white cells at the edges of the film, introducing cellular distribution errors. Fast
movement of the spreader results in a more uniformly distributed population of cells 11213114

TABLE 1.4 PATHOLOGIC RED CELLS IN BLOOD SMEARS

Red Cell Type Description Underlying Change  Disease State Associations

Acanthocyte (spur  Irregularly Altered cell membrane Abetalipoproteinemia,

cell) spiculated red cells lipids parenchymal liver disease,
with projections of postsplenectomy

varying length and
dense center
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Basophilic stippling Punctuate basophilic Precipitated ribosomes Coarse stippling: Lead

inclusions (RNA) intoxication, thalassemia
Fine stippling: A variety of
anemias
Bite cell (degmacyte) Smooth semicircle Heinz body pitting by  Glucose-6-phosphate
taken from one edge spleen dehydrogenase deficiency, drug-

induced oxidant hemolysis
Burr cell (echinocyte)Red cells with short, May be associated with Usually artifactual; seen in uremia,

or crenated red cell evenly spaced altered membrane lipids bleeding ulcers, gastric carcinoma
spicules and
preserved central
pallor
Cabot rings Circular, blue, Nuclear remnant Postsplenectomy, hemolytic
threadlike inclusion anemia, megaloblastic anemia
with dots
Ovalocyte Elliptically shaped Abnormal cytoskeletal Hereditary elliptocytosis
(elliptocyte) cell proteins
Howell-Jolly bodies Small, discrete, Nuclear remnant (DNA) Postsplenectomy, hemolytic
basophilic, dense anemia, megaloblastic anemia
inclusions; usually
single
Hypochromic red cellProminent central  Diminished hemoglobin Iron deficiency anemia,
pallor synthesis thalassemia, sideroblastic anemia
Leptocyte Flat, waferlike, thin, — Obstructive liver disease,
hypochromic cell thalassemia
Macrocyte Red cells larger than Young red cells, Increased erythropoiesis; oval
normal (>8.5 um), abnormal red cell macrocytes in megaloblastic
well filled with maturation anemia; round macrocytes in liver
hemoglobin disease
Microcyte Red cells smaller — Hypochromic red cell (see Chapter
than normal (<7.0 27)
Hm)
Pappenheimer bodies Small, dense, Iron-containing Sideroblastic anemia,
basophilic granules siderosome or postsplenectomy
mitochondrial remnant
Polychromatophilia Grayish or blue hue Ribosomal material Reticulocytosis, premature marrow
often seen in release of red cells
macrocytes
Rouleaux Red cell aggregates Red cell clumping by  Paraproteinemia
resembling stack of circulating paraprotein
coins
Schistocyte (helmet Distorted, Mechanical distortion in Microangiopathic hemolytic
cell) fragmented cell; twomicrovasculature by anemia (disseminated intravascular

or three pointed fibrin strands, disruption coagulation, thrombotic
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ends by prosthetic heart valve thrombocytopenic purpura,
prosthetic heart valves, severe
burns)
Sickle cell Bipolar, spiculated Molecular aggregation Sickle cell disorders, not including
(drepanocyte) forms, sickle of HbS S trait
shaped, pointed at
both ends
Spherocyte Spherical cell with Decreased membrane  Hereditary spherocytosis,
dense appearance  surface area immunohemolytic anemia
and absent central
pallor, usually
decreased diameter
Stomatocyte Mouth or cuplike ~ Membrane defect with Hereditary stomatocytosis,
deformity abnormal cation immunohemolytic anemia
permeability
Target cell Targetlike Increased redundancy of Liver disease, postsplenectomy,
(codocyte) appearance, often  cell membrane thalassemia, hemoglobin C disease
hypochromic
Teardrop cell Distorted, drop- — Myelofibrosis, myelophthisic
(dacryocyte) shaped cell anemia

Adapted from Kjeldsberg C, Perkins SL, ed. Practical diagnosis of hematologic disorders, 5th ed.
Chicago: ASCP Press, 2010.

Automated techniques for blood smear preparation have also been developed. Two major types of approaches are used:
centrifugation and mechanical spreaders. Centrifugation techniques are often most useful when a small number of cells
must be concentrated in a small area, as in preparing smears of cells in fluids such as cerebrospinal fluid."****> Mechanical
spreaders mimic the manual technique and are useful when large numbers of blood smears are prepared.116 In general,
smears made by automated techniques are often inferior to those made by an experienced technician.

Routine Staining of Blood Smears

Blood smears are usually stained with either Wright or May-Griinwald-Giemsa stains. Both stains are modifications of the
Romanowsky procedure.“"”114 The stain may be purchased commercially or may be made in the laboratory. The basic
stain is formulated from methylene blue and eosin. Giemsa stains use known quantities of acid bichromate to form the
converted azure compounds. The Wright stain formulation uses sodium bicarbonate to convert methylene blue to
methylene azure, which stains
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the cell. All types of Romanowsky stains are water insoluble but can be dissolved in methyl alcohol. The stain must be free
of water, which induces red blood cell artifacts. Water artifacts may be avoided by fixation of slides or coverslips in
anhydrous methanol before staining.113
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FIGURE 1.3. Preparation of blood smears. Blood smears may be prepared by the coverslip (A) or slide wedge method (B).
Coverslip smears are prepared by placing a drop of blood in the center of a coverslip and spreading the blood by rotating a
second coverslip over it. Wedge smears are prepared by placing a drop of blood on a slide and using a second slide to push
the blood out along the length of the slide. (Adapted and redrawn from Bauer J. Clinical laboratory methods, 9th ed. St.
Louis: C.V. Mosby, 1982.)

Optimal staining conditions must be established for each new batch of stain. The methylene blue conversion to azure
compounds continues to occur while the stain is in the bottle, so staining conditions may change over time. Methyl azures
are basic dyes that impart a violet-blue coloration when binding to the acidic components of the cell, such as nucleic acids
and proteins. The eosin reacts with the basic cellular elements, imparting a reddish hue to cytoplasmic components and
hemoglobin. A properly stained slide has a pink tint. The red cells will have an orange to pink coloration, and leukocytes
have purplish-blue nuclei. The Romanowsky stains differentially stain leukocyte granules, which aids in morphologic
analysis of the cells. Thus, neutrophil granules are slightly basic and stain weakly with the azurophilic component. The
eosinophils contain a strongly basic spermine derivative and stain strongly with eosin. In contrast, basophil granules
contain predominately acidic proteins and stain a deep blue-violet. No precipitate should overlie the cells because this
indicates use of slides or coverslips that were not cleaned properly. Dust on slides may also induce artifacts. Staining
solutions should be filtered or replaced weekly if used heavily to avoid precipitation.lla‘114

Occasionally, an excessive blue coloration of the cells is seen. This may be caused by excessive staining times, improperly
prepared or aged buffer that is too alkaline, old blood smears, or blood smears that are too thick. The quality of the
staining may be improved by quick and vigorous rinsing with distilled water. If the areas of the slide between cells are
staining, it usually indicates inadequate washing of the slide, heparin anticoagulation, or possible paraproteinemia. When
the staining appears too pink or red, the usual problem is buffer that is too acidic. This results in pale-stained leukocyte
nuclei, excessively orange-RBCs, and bright red eosinophil granules. Other causes of excessive red or pink coloration
include inadequate staining times or excessive washing of the slide. Most often, problems with staining are caused by
problems with the pH of the solutions, and use of new buffer solutions often corrects the problem.'*
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Examination of the Blood Smear

The blood smear should be initially examined under an intermediate power (10 to 20x objective) to assess the adequacy
of cellular distribution and staining. An estimate of the white blood cell count may also be made at this power, and
scanning for abnormal cellular elements, such as blasts or nucleated RBCs, can be performed. It is important to scan over
the entire blood smear to ensure that abnormal populations, which may be concentrated at the edges of the smear, are
not missed. Use of an oil immersion lens (50 or 100x) or high-power dry lens (40x) is usually sufficient for performing
leukocyte differential counts, although a 100x oil lens may be necessary for identification of cellular inclusions or
abnormal cytoplasmic granules. Systematic evaluation of the blood smear is essential so that all cell types are examined
and characterized. Each cell type should be evaluated for both quantitative and qualitative abnormalities.™”**®

It is difficult to evaluate quantitative abnormalities of red cells on a blood smear; however, the RBCs should be evaluated
for variations in size, shape, hemoglobin distribution, and the presence of cellular inclusions. The red cells are usually
unevenly distributed throughout the blood film. Optimal red cell morphology is seen in an area of the smear where the
red cells are close together but do not overlap. Areas where the red cells are spread too thinly or thickly have increased
artifacts. In some blood smears, the red cells appear to stick together, forming what appear to be stacks of RBCs, termed
rouleaux. This finding may be mimicked in normal patients in areas of the smear where the red cells are too closely
packed. However, if rouleaux are seen even in thinner areas of the blood film, it suggests the presence of a paraprotein
coating the red cells and causing agglutination due to loss of normal electrostatic repulsion between red cells. Areas of the
blood smear that are too thin will have loss of red cell central pallor, mimicking spherocytes.™"’

Red cells should be uniform in size and shape with an average diameter of 7.2 to 7.9 um. This may be evaluated by use of
a micrometer or by comparison with the diameter of a small lymphocyte nucleus, which is approximately the same size or
slightly smaller. Variations in red cell size is called anisocytosis. Cells that are larger than 9 um and well hemoglobinated
are considered macrocytes. Less mature erythrocytes are macrocytic and have a bluish tint to the hemoglobin
(polychromatophilia) or have fine basophilic stippling of the cell due to remnant RNA and ribosomes. Microcytes are cells
with a diameter of <6 um.m‘118

Normal erythroid cells are round. Variations in red cell shape are called poikilocytosis. The red cell should have a pale
central area (central pallor) with a rim of red to orange hemoglobin. Hypochromia reflects poor hemoglobinization and
results in a very thin rim of hemoglobin or an increased area of central pallor. Abnormal distribution of hemoglobin may
result in formation of a cell with a central spot of hemoglobin surrounded by an area of pallor, called a target cell.
Abnormal hemoglobins may also form crystals. Spherocytes and macrocytes lack an area of central pallor because of
increased thickness of the cell. Red cells may also contain inclusions, such as remnants of nuclear material (Howell-Jolly
bodies), remnants of mitochondria or siderosomes (Pappenheimer bodies),118 or infectious agents (malarial parasites,
babesiosis).m’120 In addition, red cell fragments or schistocytes suggestive of red cell mechanical destruction are more
easily detected by blood smear examination."

Platelet numbers and morphology are then evaluated. Platelets appear as small blue cytoplasmic fragments with red to
purple granules. Platelets are usually 1 to 2 um in diameter with wide variation in shape. Platelet numbers may be
estimated from the blood film. Normal platelet counts should have several (5 to 15) platelets per oil immersion field or
approximately 1 platelet for 10 to 20 RBCs."” It should be noted that platelets may aggregate if blood is not
anticoagulated, properly, or a fingerstick preparation
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is used, and this may cause the spurious impression of a low platelet count.

Leukocyte morphology and distribution are analyzed last. The number of leukocytes may be estimated by scanning the
blood film at an intermediate power. Mechanical effects leading to abnormal distribution of larger cells should be
excluded by examination of the edges of the blood film in particular.z‘117 White cells at the edges of the blood smear may
appear artifactually smaller (because of cellular shrinkage and poor spreading of the cell) or larger (because of cell
disruption and excessive spreading). Care must be taken when making the smear because cells, particularly neoplastic
cells, may be more easily disrupted by excessive mechanical pressure than normal leukocytes. Optimal morphology of the
leukocytes requires that blood smears be made promptly. Significant artifacts begin to be observed in blood that has been
held for several hours and include cytoplasmic vacuolation, nuclear karyorrhexis, and cytoplasmic disruption. ™

The WBCs normally seen in the blood smear include neutrophils, eosinophils, basophils, lymphocytes, and monocytes. The
presence of immature myeloid cells (myelocytes, metamyelocytes, promyelocytes, and blasts) is distinctly

abnormal.”'®"*'*® At least 100 cells should be identified and counted to yield a manual white blood cell differential.**”**®
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In addition to identifying relative populations of white cells by performing a differential count, the cells should be closely
examined for morphologic abnormalities of the cytoplasm and nucleus. For example, infection or growth factor therapy
often leads to increased prominence of the primary (azurophilic) granules in neutrophils, termed toxic granulation.”****’ |
contrast, many myelodysplastic disorders are characterized by hypogranularity of neutrophils in addition to abnormal
nuclear segmentation.'?® Cytoplasmic inclusions may be seen in some storage disorders, lysosomal disorders, or
infections.'*®*?%*%°

n

Other Means of Examining Blood

Occasionally, it is necessary to examine fresh blood as a wet mount. Wet preparations are made by placing a drop of
blood on a slide, covering the drop with a coverslip, and surrounding the coverslip with petroleum jelly or paraffin wax to
seal the edges. If needed, the blood may be diluted with isotonic saline, or in some cases, it may be fixed with buffered
glutaraldehyde for later examination. The blood may then be viewed with light or phase contrast microscopy. Some
organisms, such as spirochetes and trypanosomes, may be detected by movement in wet mount preparations although
more definitive testing, such as serology or molecular organism detection is more frequently used. "

Supravital staining is performed on living motile cells and helps avoid artifacts induced by smear preparation, fixation, and
staining.131 However, such preparations are not permanent, a distinct disadvantage. Supravital stains are often used to
detect red cell inclusions. These include crystal violet staining that detects Heinz bodies or denatured hemoglobin
inclusions that appear as irregularly shaped purple bodies within the red cell. Brilliant cresyl blue may be used to
precipitate and stain unstable hemoglobins, such as hemoglobin Zurich and hemoglobin H."’ The most commonly used
supravital stain is new methylene blue or brilliant cresyl blue, used for manual reticulocyte determinations,***** although
the use of automated methods of reticulocyte determination by CBC analyzers has largely replaced manual methods.
Reticulocytes are not identified positively on Wrightstained blood smears, although their presence is suggested by
polychromatophilia of RBCs. Automated reticulocyte counts may have increased errors in the presence of Heinz bodies™*
or Howell-Jolly bodies™ in the red cells. Normal reference values for reticulocytes are influenced by patient age, sex, and
physical activity level.*®

BONE MARROW EXAMINATION

Diagnosis and management of many hematologic diseases depend on bone marrow evaluation. Bone marrow
examination usually involves two separate, but interrelated, specimens. The first is a cytologic preparation of bone
marrow cells obtained by aspiration of the marrow and a smear of the cells, allowing excellent visualization of cell
. 137 . . .

morphology and enumeration of the marrow cellular elements.”" The second specimen is a needle biopsy of the bone
and associated marrow, which allows optimal evaluation of bone marrow cellularity, fibrosis, infections, or infiltrative

. 111
diseases.

Indications for bone marrow examination include further work-up of hematologic abnormalities observed in the
peripheral blood smear; evaluation of primary bone marrow tumors; staging for bone marrow involvement by metastatic
tumors; assessment of infectious disease processes, including fever of unknown origin; and evaluation of metabolic
storage diseases. Before a bone marrow examination is performed, clear diagnostic goals about the information to be
obtained from the procedure should be defined and decisions made about whether any special studies are needed, to
ensure that all necessary specimens may be collected and handled correctly.111

Several sites may be used for bone marrow aspiration and biopsy.m‘139 In part, the site chosen reflects the normal

distribution of bone marrow with the age of the patient. At birth, hematopoietic marrow is found in all of the bones of the
body. However, by early childhood, fat cells begin to replace the bone marrow hematopoietic cells in the extremities so
that adults have hematopoiesis limited to the axial skeleton and proximal portions of the extremities.® Thus, younger
children may have marrow examinations from the anterior medial tibial area, whereas adult marrow is best sampled from
the sternum at the second intercostal space or from either the anterior or posterior iliac crest areas. Sternal marrows do
not allow a biopsy to be performed, and several possible complications, including hemorrhage and pericardial tamponade,
may occur if the inner table of the sternum is penetrated by the needle at areas other than the second intercostal space.
The sternal marrow space in an adult is only approximately 1 cm thick at the second intercostal space, so care must be
taken to avoid penetrating the chest cavity, although sternal bone marrow needles have guards to prevent penetration of
the needle beyond the sternal plate. In contrast, little morbidity is associated with iliac crest aspiration and biopsy, and
the posterior iliac crest is the most common site for bone marrow sampling.140 The anterior iliac crest may be used if
previous radiation, surgery, or discomfort does not allow a posterior approach.139

Bone Marrow Aspiration and Biopsy
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Bone marrow is semifluid and easily aspirated through a needle. Many types of needles have been used for performing
marrow aspiration. Most are 14 to 18 gauge, and many have a removable obturator, which prevents plugging of the
needle before aspiration, and a stylet that may be used to express the bone marrow biopsy sample (Fig. 1.4). Some
models, primarily used for sternal bone marrow aspiration procedures, have adjustable guards that limit the extent of
needle penetration and reduce morbidity.**> Most bone marrow needles are disposed of after one use, and specific longer
needles that may be used for obese patients and mechanical drills to aid in bone penetration are available commercially.

In most cases, marrow aspiration and biopsy may be carried out with little risk of patient discomfort, provided adequate
local anesthesia is used. Apprehensive patients may be sedated before the procedure.lgg’141 The procedure is performed
under sterile conditions. The skin at the site of the biopsy is shaved,
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if necessary, and cleaned with a disinfectant solution. The skin, subcutaneous tissue, and periosteum in the area of the
biopsy are anesthetized with a local anesthetic, such as 1% lidocaine, using a 25-gauge needle. Care must be taken to fully
anesthetize the periosteum, where most of the bone pain fibers are located. After the anesthetic has taken effect, a small
cut is made in the skin overlying the biopsy site, and the marrow aspiration needle is inserted through the skin,
subcutaneous tissues, and bone cortex with a slight rotating motion. Entrance of the needle into the bone marrow cavity
should be sensed as a slight give or increase in the speed of needle advancement. The needle obturator is removed, and
the needle is attached to a 10- or 20-ml syringe. Aspiration of the marrow is achieved by rapid suctioning with the syringe
so that 0.2 to 2.0 ml of bloody fluid is obtained. Aspiration may cause a very brief, sharp pain. If no pain is noted and no
marrow is obtained, the needle may be rotated and suction applied again. If no marrow is obtained, relocation to another
sampling site may be required.m'139

FIGURE 1.4. Jamshidi bone marrow aspiration and biopsy needle. This type of hollow needle with a beveled tip (A) is
satisfactory for percutaneous biopsy of the bone marrow. The needle is inserted with the obturator (B) in place. The
biopsy is expressed from the needle using the stylet (C).
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FIGURE 1.5. Bone marrow aspirate smear stained with Wright-Giemsa stain. The bone marrow aspirate shows a central
spicule with dispersion of hematopoietic precursor cells around the spicule. The preparation allows for optimal evaluation
of cytologic features of the bone marrow precursor cells. Panel A (low power) demonstrating distribution of
hematopoietic cells near the darkly staining bone marrow spicule in a bone marrow aspirate. Panel B (high power)
demonstrating cytologic features of bone marrow aspirate hematopoietic cells.

The aspirated material is usually given to a technical assistant, who makes smears of the material (Fig. 1.5) and assesses
the quality of the material by noting the presence of marrow spicules. The smears must be made quickly to avoid clotting
in a manner similar to that described for blood smears using either coverslips or slides to spread the marrow (Fig. 1.3).
After smears are made, the aspirate may be allowed to clot to form a histologic clot section for processing. In some cases,
where immediate slide preparation is not available, the bone marrow may be aspirated into a tube containing a small
amount of anticoagulant to impede clotting. The aspirate may later be filtered and submitted for histologic processing
into a particle clot section. EDTA is the best anticoagulant to use because it introduces the least amount of morphologic
artifact to the specimen.137 If additional material is needed for flow cytometry, cytogenetics, culture, or other special
studies, additional aspirations may be performed by withdrawing the needle and repositioning it in a new site and drawing
marrow into tubes containing anticoagulant. Morphologic examination requires the best sample and the aspirations for
ancillary studies should be made subsequent to the initial aspiration for such an examination. Occasionally, a portion of an
anticoagulated marrow aspirate is spun down to obtain a buffy coat, thereby concentrating the cellular elements. In some
instances, no marrow can be aspirated (dry tap). In these cases, it is essential to make smears from material at the tip of
the needle and also to make touch preparations from the biopsy, as outlined below, to allow cytologic examination of the
bone marrow elements.*”**°

The bone marrow biopsy (Fig. 1.6) may be performed using the same skin incision if the aspirate has been performed in
the iliac crest area. A separate biopsy needle that is slightly larger than the needle used for aspiration may be used, or the
same needle that was used for the bone marrow aspiration may be reused. Care must be taken to reposition the needle
biopsy site away from the area where the aspiration was performed to avoid collection of a specimen with extensive
artifact induced by the aspiration procedure.m’142 Use of a biopsy needle may require more pressure to enter the bone
because of the largerbore size. Once the needle is in place in the bone, the stylet may be inserted to give an
approximation of the size of the bone core within the needle. The biopsy needle is rotated and gently
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rocked to free the biopsy from the surrounding bone and then advanced slightly farther. The biopsy is then removed from
the bone by withdrawing the needle, and slight positive pressure may be applied using a syringe. The biopsy is expressed
from the needle by the stylet. Touch preparations of the bone biopsy should be made, particularly if no aspirate was
obtained, to allow cytologic examination of the bone marrow elements. The bony core is then fixed, decalcified, and
processed for histologic examination.**'* Ancillary testing can often be performed on additional bone marrow cores
when no material can be aspirated, so collection of more than one core biopsy may be necessary.
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FIGURE 1.6. Bone marrow core biopsy. Histologic preparation of the bone marrow core biopsy following fixation and

decalcification. The biopsy is stained with hematoxylin and eosin. This preparation allows for optimal evaluation of bone

marrow cellularity and interaction of bone marrow cells with bony trabeculae and is helpful in evaluating extrinsic
features such as metastatic tumor or fibrosis in the marrow. Panel A (low power) shows bony spicules and marrow in

section of bone marrow core biopsy. Panel B (high power) shows morphologic detail of hematopoietic tissue within the

section.

Once the biopsy is completed, manual pressure is applied to the site for several minutes to achieve hemostasis. The site is

then bandaged and the patient instructed to remain recumbent so as to apply further pressure for approximately 30 to 60
minutes. If a patient is thrombocytopenic, pressure bandages should be applied and the site checked frequently for

prolonged bleeding.

Staining and Evaluation of Bone Marrow Aspirates and Touch Preparations

The bone marrow aspirate or touch preparation slides are stained with either Wright or May-Griinwald-Giemsa stains,
similar to blood smears. These stains allow excellent morphologic detail and allow differential counts to be performed.
Unstained smears should be retained for possible special stains if indicated.

Evaluation of bone marrow aspirates gives little information about the total cellularity of the bone marrow because of

137,139

fluctuations in cell counts induced by peripheral blood contamination of the bone marrow specimen and preparation

artifacts. An overall impression of the cellularity may be given (i.e., cellular or paucicellular). More accurate evaluation of

bone marrow cellularity requires examination of the bone marrow biopsy or particle clot section, although the biopsy

represents a tiny fraction of the total marrow and may also be subject to sampling error.

111,139,144

The stained aspirate

smear will have a central zone of dark marrow particles and stroma surrounded by a thinner area of dispersed bone

marrow cells and red cells (Fig. 1.5). Low-power examination allows evaluation of the adequacy of cellularity and of the
presence of megakaryocytes. Tumor cells or granulomas may also be seen by scanning the aspirate smear at low power.13

The aspirate smear allows cytologic examination of the bone marrow cells. A minimum of 500 nucleated cells should be

evaluated under oil immersion magnification in most marrows. Only intact cells are evaluated; all bare nuclei are

excluded. Counting is performed in an area where few bare nuclei are present and the cells are not overlapping, found in

clusters, or artifactually distorted due to spreading artifact. This is usually in the dispersed cell zone adjacent to the
spicule. It should be noted that spicules may be absent in pediatric marrows where marrow cells will be uniformly

dispersed. Reference ranges for the percentage of bone marrow cell types vary widely between laboratories and are used

7

only as guides for what is to be expected in normal bone marrow samples137 (see Table 1.5 for example reference ranges).

The proportions of each cell type and progression of the maturational sequence for myeloid and erythroid elements are

determined from the differential counts. In addition, the myeloid-to-erythroid ratio may be calculated.

Differences in cell differential results among infants, children, and adults exist (Table 1.6).
lymphocytes are more commonly seen in the marrow of children, especially those younger than 4 years of age, where
they may compose up to 40% of the marrow cellularity.

unevenly distributed in the bone marrow of adults. Often, lymphoid cells are found in nodular aggregates in older adults,

146

137,139,144,145

In general,

Plasma cells are rare in the marrow of infants and children.
Lymphocytes are much less numerous in adult bone marrows, usually making up <20% of adult marrow cellularity.
Lymphocyte and plasma cell counts in adults tend to be quite variable, perhaps reflecting the tendency of these cells to be

and plasma cells tend to be associated with blood vessels.™
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During the first month of life, bone marrow erythroid cells are prominent because of high levels of erythropoietin**’;

7

thereafter, the erythroid cells make up 10% to 40% of the marrow cells. Relatively few early erythroid precursors
(normoblasts) are usually seen, and more mature forms predominate. Erythroid cells should be examined for
abnormalities in morphology as well as iron content as these features are often deranged in pathologic states. Myeloid
cells are usually the predominant bone marrow element, and more mature cells predominate over myeloblasts. Children

tend to have higher
P.13

numbers of eosinophils and eosinophilic precursor cells than do adults, although many medications or allergies may
increase the bone marrow eosinophil count. Megakaryocytes constitute the least abundant cell type seen in the bone

marrow, usually making up <1% of the cells.

TABLE 1.5 DIFFERENTIAL COUNTS OF BONE MARROW ASPIRATES FROM 12 HEALTHY MEN
Mean (%)Observed Range (%0)95% Confidence (%0)

Neutrophilic series (total) 53.6

Myeloblast 0.9
Promyelocyte 3.3
Myelocyte 12.7
Metamyelocyte 15.9
Band 12.4
Segmented 7.4
Eosinophilic series (total) 3.1
Myelocyte 0.8
Metamyelocyte 1.2
Band 0.9
Segmented 0.5

Basophilic and mast cells <0.1
Erythrocytic series (total) 25.6

Pronormoblasts 0.6
Basophilic 1.4
Polychromatophilic 21.6
Orthochromatic 2.0
Lymphocytes 16.2
Plasma cells 1.3
Monocytes 0.3
Megakaryocytes <0.1
Reticulum cells 0.3

Myeloid-to-erythroid ratio2.3

49.2-65.0
0.2-15
2.1-4.1
8.2-15.7
9.6-24.6
9.5-15.3
6.0-12.0
1.2-5.3
0.2-1.3
0.4-2.2
0.2-2.4
0-1.3
0-0.2
18.4-33.8
0.2-1.3
0.5-2.4
17.9-29.2
0.4-4.6
11.1-23.2
0.4-3.9
0-0.8
0-0.4
0-0.9
1.5-3.3

33.6-73.6
0.1-1.7
1.9-4.7
8.5-16.9
7.1-24.7
9.4-15.4
3.8-11.0
1.1-5.2
0.2-1.4
0.2-2.2
0-2.7
0-1.1
15.0-36.2
0.1-1.1
0.4-2.4
13.1-30.1
0.3-3.7
8.6-23.8
0-3.5
0-0.6
0-0.8
1.1-35

In addition to the hematopoietic cells mentioned above, a variety of other cells may be seen in bone marrow aspirates in
varying proportions. These include macrophages, mast cells, stromal cells, and fat cells. In children, osteoblasts and
osteoclasts may be seen, although these cells are rare in adults and their presence may indicate metabolic bone
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disease.®”**™** Normally, these other cells make up <1% of the total marrow cellularity; however, they may be increased

in a variety of reactive and pathologic processes. Aspirate smears are excellent for evaluation of macrophage
. 148 - 137
hemophagocytosis ™ or storage disorders.

Examination of Bone Marrow Histologic Sections

Bone marrow core biopsies and the clot obtained from the aspiration procedure are usually fixed in formalin orin a
coagulative fixative, such as B5 or zinc formalin. The bony core will require decalcification before histologic processing.
The fixed materials are processed and embedded in paraffin or plastic, and sections are made for examination. The bone
marrow biopsy and clot sections are stained with either hematoxylin and eosin or Giemsa stains for morphologic
examination**** (Fig. 1.6).

Bone marrow biopsies are useful in evaluation of the cellularity of the bone marrow sampled. Several caveats must be
kept in mind when assessing cellularity. Studies show variations in cellularity even within the same biopsy site'* as well as
between different anatomic sites. However, comparisons of the relative proportions of myeloid, erythroid, and
megakaryocytic cells appear to be constant even in widely separated biopsy sites.**** In older patients, the subcortical
area is often hypocellular, and care must be taken to obtain a large enough biopsy to allow adequate evaluation of the
marrow away from this area."” The bone marrow biopsy section provides the best representation of the bone marrow
and its anatomic relationships, such as normal localization of immature myeloid cells adjacent to bony trabeculae.
Evaluation of nonhematopoietic elements, such as bony trabeculae, blood vessels, and stroma, requires a biopsy
specimen.

The clot section, which is prepared from the bone marrow aspirate material, has a degree of inherent artifact because the
bone marrow is removed from its normal relationships with bone, blood vessels, and other stromal elements. In
particular, cellularity estimations may be falsely elevated secondary to collapse of the normal stromal network in a clot

. 139
section.

In addition to providing information about the anatomic distribution and relationships of hematopoietic cells, the bone
marrow biopsy is useful for evaluation of infiltrative processes such as carcinoma, lymphoma, other tumors,
granulomatous inflammation, and fibrosis. "% Occasionally, the marrow is so involved with an infiltrative process that
no aspiration can be obtained (dry tap), and the biopsy provides the only diagnostic material.***°

SPECIAL STAINS

Several special stains may be performed on peripheral blood smears, bone marrow aspirate smears, bone marrow touch
preparations, and bone marrow biopsy materials and will provide additional information about the cell lineage beyond
what is obtained by standard staining with Giemsa or hematoxylin
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and eosin stains. Special stains generally fall into two categories: cytochemical stains that use cellular enzymatic reactions
to impart staining and immunocytochemical stains that identify cell-specific antigen epitopes. These stains are particularly
useful in characterization of primary hematologic or metastatic malignancies.

TABLE 1.6 CHANGES IN DIFFERENTIAL COUNTS OF BONE MARROW WITH AGE
Birth 1Mo-1Y 1-4Y 4-12Y Adult

Neutrophilic series Mean (%) 60 33 50 52 57
95% limits 42-78 17-47 32-68 35-69  39-79
Eosinophilic series Mean (%) 3 3 6 3 3
95% limits 1-5 1-5 2-10 15 1-5
Lymphocytes Mean (%) 14 47 22 18 17
95% limits 3-25 34-63 8-36 12-28 10-24
Erythrocytic Mean (%) 14 8 19 21 0
95% limits 2-28 2-16 11-27 11-31  10-30
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Myeloid-to-erythroid Mean ratio 4.3 4.0 2.6 2.5 2.6

The means and 95% confidence limits in this table were calculated by combining data published in
Osgood EE, Seaman AJ. The cellular composition of bone marrow as obtained by sternal puncture.
Physiol Rev 1939;24:105-114, with the data in Table 1.5.

Cytochemical Stains

Cytochemical stains are extremely useful in the diagnosis and classification of acute leukemias, although this utility has
been lessened by identification of lineage-specific markers by flow cytometry. They allow identification of myeloid and
lymphoid acute leukemias, as well as providing one basis for subclassification of the acute myeloid leukemias. These stains
were widely used in morphologic subclassifications, such as the French-American-British (FAB)™" but with wide usage of
flow cytometric and other ancillary tests are not as widely used for classification purposes in the current era of the World
Health Organization (WHO) classification.™ Cytochemical stains are usually performed on peripheral blood films, bone
marrow aspirates, or touch preparations made from bone marrow biopsies. Best results are obtained by using freshly
obtained materials; however, some reactions may be carried out on materials that are several years old.”?

Myeloperoxidase

Primary granules of neutrophils and secondary granules of eosinophils contain myeloperoxidase. Monocytic lysosomal
granules are faintly positive. Lymphocytes and nucleated RBCs lack the enzyme.154 Staining is due to oxidation of 3-amino-
9-ethylcarbazole or 4-ch|oro-1-naphtho|155 substrates by myeloperoxidase in the cell to form a brown-colored precipitate.

The myeloperoxidase enzyme is sensitive to light, and smears should be stained immediately or sheltered from light.
Enzymatic activity in cells may diminish over time, so the stain should not be performed in blood or marrow aspirate
smears older than 3 weeks. Permount coverslip mounting medium (Fisher Scientific, Pittsburgh, PA) may cause fading of
the stain. Myeloperoxidase is also sensitive to heat and methanol treatment. Erythroid cells may stain for peroxidase after
methanol treatment due to a nonenzymatic interaction between the staining reagents and hemoglobin
(pseudoperoxidase or Lepehne reaction). Antibodies to myeloperoxidase are available for both flow cytometric analysis
and immunohistochemical staining in fixed tissue sections.™®

Sudan Black B

Sudan black B stains intracellular lipid and phospholipids. The pattern of staining closely parallels the myeloperoxidase
reaction, with positive staining of granulocytic cells and eosinophils, weak monocytic staining, and no staining of
lymphocytes, although some positivity may be seen in azurophilic granules of lymphoblasts. Sudan black B has an
advantage over myeloperoxidase in that it may be used to stain older blood or bone marrow smears, and there is little
fading of the stain over time.”™*

Specific (Naphthol AS-D Chloroacetate) Esterase

The specific (naphthol AS-D chloroacetate) esterase stain, also called the Leder stain, is used to identify cells of the
granulocytic series.” It does not stain lymphocytes and monocytes. Because of enzymatic stability in formalin-fixed,
paraffin-embedded tissues, this stain is extremely useful for identifying granulocytes and mast cells in tissue sections and
is particularly helpful in diagnosis of extramedullary myeloid tumors (granulocytic sarcoma, chloroma) of blasts found in
tissues."*® The cellular esterase enzyme hydrolyzes the naphthol AS-D chloroacetate substrate.™ This reaction product is
then coupled to a diazo salt to form a bright red-pink reaction product at the site of enzymatic activity. The enzyme
activity is inhibited by the presence of mercury, acid solutions, heat, and iodine that may give rise to false-negative
staining results.

Nonspecific (a-Naphthyl Butyrate or a-Naphthyl Acetate) Esterases

Nonspecific (a-naphthyl butyrate or a-naphthyl acetate) esterase stains are used to identify monocytic cells but do not
stain granulocytes or eosinophils.>**>” Mature T-lymphocytes stain with a characteristic focal, dotlike pattern. The stain
also reacts with macrophages, histiocytes, megakaryocytes, and some carcinomas. The a-naphthyl butyrate stain is
considered to be more specific, although slightly less sensitive, than the a-naphthyl acetate stain.">* Differential staining
with the different esterases is seen in megakaryoblasts, which do not stain with the a-naphthyl butyrate, but stain with
the a-naphthyl acetate substrate.™

Terminal Deoxynucleotidyl Transferase

Terminal deoxynucleotidyl transferase (TdT) is an intranuclear enzyme that catalyzes the addition of deoxynucleotide
triphosphates to the 3'-hydroxyl ends of oligonucleotides or
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polydeoxynucleotides without need for a template strand.™® TdT is found normally in the nucleus of thymocytes and
immature lymphoid cells within the bone marrow, but is not found in mature lymphocytes, and it is a useful marker in
identifying acute lymphoblastic leukemias and lymphomas.*** TdT activity is found in approximately 90% of acute
lymphoblastic leukemias as well as in a small subset of acute myelogenous leukemias.™>'*° TdT levels may be measured
biochemically, by cytochemical staining with an immunofluorescent detection technique, by flow cytometry after
permeabilization of freshly collected cells, or by immunohistochemical methods.'®"*** and '*® Indirect immunofluorescent
staining is very sensitive and may be applied to air-dried samples several weeks after collection, although it is no longer
used as often with the widespread use of flow cytometry.’®* Immunohistochemical methods of TdT detection are useful in
paraffin-embedded tissue sections and can be used on touch preps.161

Leukocyte Alkaline Phosphatase

Alkaline phosphatase activity is found in the cytoplasm of neutrophils, osteoblasts, vascular endothelial cells, and some
lymphocytes. The alkaline phosphatase level of peripheral blood neutrophils is quantitated by the leukocyte alkaline
phosphatase (LAP) score and is useful as a screening test to differentiate chronic myelogenous leukemia from leukemoid
reactions and other myeloproliferative disorders."® The LAP score is usually performed using the Kaplow procedure.165
This method uses a naphthol AS-BI phosphate as the substrate, which is coupled to fast violet B salt by the enzyme to
produce a bright red reaction product that is visualized over neutrophils. The LAP score is determined by evaluation of the
staining intensity (ranging from 0 to 4+) of 100 counted neutrophils or bands. Normal LAP scores range from 15 to 130,
but there may be variation in these ranges between laboratories. Many different disease states may cause elevation or
depression of the LAP score (Table 1.7). Patients with chronic myelogenous leukemia have low LAP scores (usually
between 0 and 13). Paroxysmal nocturnal hemoglobinuria and some myelodysplastic syndromes may also be
characterized by low LAP scores. Leukemoid reactions in response to infection and other myeloproliferative disorders
(myelofibrosis with myeloid metaplasia and polycythemia vera) often have an elevated LAP score.”*® There is rapid loss
of alkaline phosphatase activity in samples drawn in EDTA anticoagulant.165 The test is optimally performed on fresh
capillary blood fingerstick smears or on blood anticoagulated with heparin and should be performed within 48 hours after
collection of the sample. The blood smears may be held in the freezer for 2 to 3 weeks with little loss of activity.

TABLE 1.7 CONDITIONS ASSOCIATED WITH ABNORMAL LEUKOCYTE ALKALINE PHOSPHATASE (LAP) SCORES
Low LAP Score (<15)

CML

Paroxysmal nocturnal hemoglobinuria
Hematologic neoplasms (rare)
Myelodysplastic neoplasms

Rare infections or toxic exposures

High LAP Score (>130)

Infections

Growth factor therapy

Myeloproliferative neoplasms other than CML
Inflammatory disorders

Pregnancy, oral contraceptives

Stress

Drugs (lithium, corticosteroids, estrogen)

CML, chronic myelogenous leukemia.
Acid Phosphatase
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Acid phosphatase is found in all hematopoietic cells, but the highest levels are found in macrophages and osteoclasts. A
localized dotlike pattern is seen in many T-lymphoblasts, but this staining pattern is not reliable. The tartrate-resistant acid
phosphatase (TRAP) is an isoenzyme of acid phosphatase that is found in high levels in the cells of hairy cell leukemia™®®
and osteoclasts. Several methods of measuring TRAP activity have been described, but one using naphthol AS-BI
phosphoric acid coupled to fast garnet GBC is reliable and reproducible.’ Not all cases of hairy cell leukemia stain for
TRAP, and staining intensity may be variable. Positive TRAP staining may also be seen in some activated T-lymphocytes,
macrophages, some histiocytes (such as Gaucher cells), mast cells, and some marginal zone lymphomas.*®® TRAP staining
may also be detected by immunohistochemical methods in fixed tissue sections.®

Periodic Acid-Schiff

The periodic acid-Schiff (PAS) stain detects intracellular glycogen and neutral mucopolysaccharides, which are found in
variable quantities in most hematopoietic cells.™**"° pAS staining is seen in blasts of both acute lymphoblastic and acute
myelogenous leukemias, although there is great variability between cases.”’® Erythroleukemias demonstrate an intense
diffuse cytoplasmic positivity with PAS, which may be helpful in diagnosis. 211 addition, PAS staining is very useful in
demonstrating the abnormal glucocerebrosidase accumulation in Gaucher disease.’”*

Iron

Cellular iron is found as either ferritin or hemosiderin. It is identified in cells by the Perls or Prussian blue reaction, in
which ionic iron reacts with acid ferrocyanide to impart a blue color. BA0L72 The stain is used to identify iron in nucleated
RBCs (sideroblastic iron) and histiocytes (reticuloendothelial iron) or to identify Pappenheimer bodies in erythrocytes.
Normally, red cell precursors contain one or more small (<1 um in diameter) blue granules in 20% to 50% of the cells.
When increased numbers of these granules surround at least two thirds of the nucleus of the red cell precursor, the cell is
called a ringed sideroblast."” The stain is best used on bone marrow aspirate smears but can also be used on blood films
and aspirate clot tissue sections. Decalcification of the bone marrow core biopsy may lead to loss of iron from the cells,
leading to a false impression of low iron.

Toluidine Blue

Toluidine blue specifically marks basophils and mast cells by reacting with the acid mucopolysaccharides in the cell
granules to form metachromatic complexes. Malignant mast cells or basophils may have low levels of acid
mucopolysaccharides and may not react with this stain.”* Specific immunohistochemical markers, such as staining for
mast cell tryptase may be more specific in identification of mast cells than toluidine blue staining.175

Immunocytochemical Stains

Immunocytochemical staining is based on the use of an antibody that recognizes a specific antigenic epitope on a cell.
There is a high level of specificity. In general, these stains may be applied to
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blood smears, bone marrow aspirates, cellular suspensions, or tissue sections. Not all antibody preparations are equally
effective on all types of specimens, and staining procedures may vary depending on the specimen type. A wide variety of
antibodies specific to hematopoietic cellular antigens is available commercially. Some of the newer antibodies have
replaced classical cytochemical stains and may be useful on older or fixed specimens.

Immunocytochemical staining of fresh blood or bone marrow cell suspensions or cell suspensions from tissues and
analysis by flow cytometry is a common ancillary testing modality that is employed when a hematologic malignancy is
suspected.m’177 The flow cytometer detects both light scatter data and the presence of specific fluorochrome-labeled
antibodies that have bound to the cell surface. Use of different fluorochromes can allow more than one antibody to be
studied simultaneously on the same cell by means of different excitation wavelengths. The study of these cellsurface
markers allows rapid and accurate analysis of lymphomas and leukemias, enumeration of T-cell subsets, and identification
of tumor cells. In addition, recent advances have allowed detection of intracytoplasmic or nuclear antigens, such as
myeloperoxidase and TdT, by flow cytometric analysis.176 In many cases, particularly in the acute leukemias, the flow
cytometric analysis of an acute leukemia provides important prognostic information that is not available through
cytochemical staining and is useful in detection of minimal residual disease.””'”® Clinical and technical aspects of flow
cytometric analysis of hematologic tumors are covered in detail in Chapter 2.

Immunohistochemical staining is the use of specific antibody probes on tissue sections or smears of blood and bone
marrow. This allows the localization of a specific antigenic epitope to the cell surface, cytoplasm, or nucleus. The antigen

33



Wintrobe's Clinical Hematology 13th Edition

binding may then be detected by immunofluorescence, which requires a special fluorescence microscope, or by enzymatic
formation of a colored reaction product linked to the antigen-antibody complex. Immunoenzymatic staining techniques
include immunoperoxidase, immunoalkaline phosphatase, and avidin-biotin techniques.”’*** These procedures allow
study of the specimen with standard light microscopy and provide a permanent record of staining that may be re-
examined. In the past, the repertoire of antibodies available for use on paraffin-embedded tissues was limited, and many
antibodies required frozen sections of fresh tissues to be used. Over time, however, there has been a large increase in the
number of antibodies that can be used on fixed and processed tissues.'®"*** Automated immunostaining instruments have
become available that allow highly reproducible results and require less technician time and expertise for highly
reproducible staining.m'183

OTHER LABORATORY STUDIES
Cytogenetic Analysis

Many hematologic malignancies and premalignant conditions are associated with specific cytogenetic
changes.152’184'185’186’187 These include distinctive changes in chromosome number, translocations, and inversions of genetic
material. These chromosomal changes are often associated with activation or increased transcription of oncogenes and
may contribute to acquisition of a malignant phenotype.188 Cytogenetic analysis is an important element in the diagnosis
of hematologic disorders, identifying specific prognostic subgroups, and monitoring for progression of disease or residual
disease after therapy, and is integral to the most current classification of hematologic malignancies, such as the WHO
classification. > 1819091 poth standard chromosomal preparations and fluorescent-labeled in situ hybridization
techniques may be used for cytogenetic analysis of chromosomal changes.m‘193 Further details about cytogenetic
techniques and analysis are provided in Chapter 3.

Molecular Genetics

In addition to standard morphologic analysis and cytogenetics, technology has been developed that allows analysis of
molecular changes in hematologic malignancies.wg’wo’m’195 By use of Southern blot and polymerase chain reaction (PCR)
techniques, hematopoietic proliferations may be studied for genetic alterations associated with the development of
malignancy.196 Molecular genetic analysis was initially used to identify monoclonality in lymphoid neoplasms by identifying
either immunoglobulin (B-cell) or T-cell-receptor gene rearrangements.197‘198 This finding is extremely useful in
classification of lymphoproliferative disorders that may be difficult to diagnose on morphologic grounds alone or that lack
specific phenotypic markers.”’ In the past few years, there has been an explosion in the use of molecular techniques to
detect translocations that previously had been detected only by conventional cytogenetics. Common tests include the
BCR-ABL1 translocations seen in chronic myelogenous leukemia and acute leukemia and used to monitor efficacy of
treatment,'*>** BCL2 translocations characteristic of follicular Iymphomas,200 the t(15;17) translocation associated with
acute promyelocytic leukemia,”®"*% JAK2 translocations associated with myeloproliferative disorders,’®*** and NPM1 and
FLT3 mutations, which are prognostic factors in acute myeloid leukemia.”®>** and **” In chronic myelogenous leukemia,
BCR-ABL1 kinase domain mutation analysis can be performed to detect mutations that lead imatinib resistance’®**%. As
molecular characterization and genetic profiling of specific hematologic disorders expand, such as through microarray
analysis,m’211 and *" it may be anticipated that more PCR and molecular tests will be developed. Molecular studies have
an advantage over conventional morphologic and cytogenetic analyses in that they may detect very small populations of
malignant cells (as few as 1% to 5% of the cells in a sample), may allow for quantification of low levels of transcripts to
allow monitoring of disease status, and can lead to more rapid test completion (especially with PCR-based testing).lgg'201
Molecular tests are most useful when a known specific entity is being tested for or in monitoring residual disease as they
do not provide effective screening capability for additional genetic alterations that may affect prognosis, as does
conventional cytogenetic anaIysis.m’m’213

The high degree of sensitivity makes molecular testing, particularly by PCR or in situ hybridization, very attractive for the
purpose of monitoring for tumor persistence or recurrence after therapy. Previously, molecular genetic studies required
collection of fresh or frozen diagnostic material; however, many of the newer assays can make use of formalin-fixed
materials with sensitivity similar to that of fresh or frozen materials.”**** This allows analysis to be performed on a wider
range of cases, including archival materials. The topic of molecular genetics is covered in further detail in Chapter 4.

Electron Microscopy

The electron microscope allows examination of ultrastructural details of a cell. In the past, electron microscopy was used
as a research tool and, occasionally, as a diagnostic tool for difficult hematologic diagnoses. However, with the advent of
increasing numbers of specific immunocytochemical stains, the use of the electron microscope as a diagnostic tool for
hematopathologic processes has been largely discontinued.
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Erythrocyte Sedimentation Rate

The erythrocyte sedimentation rate (ESR) is a common but nonspecific test that is often used as an indicator of active
disease. It reflects the tendency of RBCs to settle more rapidly in the face of some disease states, usually because of
increases in plasma fibrinogen, immunoglobulins, and other acute-phase-reaction proteins. In addition, changes in red cell
shape or
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numbers may affect the ESR. Sickle cells and polycythemic disorders tend to decrease the ESR, whereas anemia may
increase it. ESR also increases with age in otherwise healthy people (although it tends to fall in adults older than age 75)
and tends to be higher in women. People with liver disease, carcinomas, or other serious diseases may have a normal to
low ESR because of an inability to produce the acute-phase proteins.217
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A common cause of ESR elevation is infection, but monoclonal gammopathy must be ruled out in patients who have a
persistent unexplained elevation in ESR. Elevated ESRs are also seen with pregnancy, malignancies, collagen vascular
diseases, rheumatic heart disease, and other chronic disease states, including human immunodeficiency virus
infection.”®** and **° The ESR is a poor screening test in asymptomatic individuals, detecting elevations in 4% to 8% of
normal adults and, hence, should not be used to screen asymptomatic people for disease.” The test is probably best
used in the clinical scenario of a patient with vague complaints to aid in the clinical decision to undergo further testing or
as a tool to fzozl(!ow the clinical disease course in temporal arteritis, rheumatoid arthritis, polymyalgia rheumatica, or
lymphomas.

The ESR is measured by the Westergren or Wintrobe method or by a modification of these tests.””! Both are measured in
millimeters per hour, but the normal values for each method vary because of differences in tube length and shape. Both
methods require correction for patient anemia. Several technical variations to the method of ESR determination have
been introduced, including micromethods, sedimentation at a 45° angle, and the zeta sedimentation rate. The zeta
sedimentation rate measures erythrocyte packing in four 45-second cycles of dispersion and compaction in capillary
tubes. This requires a special instrument, the Zetafuge (Coulter Electronics, Hialeah, FL), but gives reproducible results on
very small amounts of blood and is not affected by patient anemia.””

Plasma and Blood Viscosity

Plasma viscosity measurements are advocated by some authors as being superior to ESR measurements for monitoring
disease states, particularly in autoimmune diseases and diseases characterized by the secretion of large amounts of
immunoglobulin into the plasma (such as plasma cell dyscrasias).223 Plasma viscosity measurements have the advantage of
no red cell influences on the value obtained and yield a narrower reference range of normal values than observed with
ESR.** However, plasma viscosity is used more rarely than ESR, probably reflecting clinical familiarity with the latter test.
As with ESR, plasma viscosity may increase with age.223 Direct measurement of acute-phase proteins, such as C-reactive
protein, may also be used to monitor the course of inflammatory diseases and cardiac risk.”*>**® However, these tests are
usually more expensive than ESR determinations and may not provide sufficient additional clinical information to justify
the added expense.227 Whole blood viscosity measurements are of limited clinical use because the measured blood
viscosity may have little bearing on the viscosity of the blood in the circulation. Increased blood viscosity may contribute
to the morbidity and mortality of patients with sickle cell disease, polycythemia, and ischemic vascular disease.

Blood Volume Measurement

In most cases, the total number of erythrocytes is closely related to the red cell concentration of the blood or Hct.
However, blood volume may not always reflect erythrocyte concentration, including immediately after severe
hemorrhage, severe dehydration, or overhydration. To accurately assess the blood volume in these patients, plasma
volume or red cell mass or volume must be determined,**** although these tests are rarely performed. The plasma
volume is measured by dilution methods using a substance that is confined to the intravascular plasma compartment,
such as Evans blue dye,229 B Jabeled albumin, or radioactive indium-labeled transferrin, is injected and the volume of
distribution calculated from the degree of dilution of the injected substance over 15 to 30 minutes. Radiolabeled albumin
is the most commonly used, but corrections must be made because the label is gradually removed from the circulation
into the extravascular space, leading to errors of 10% or more in plasma volume determinations.”*° Plasma volume may
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also be estimated from red cell volume.
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Total red cell volume is calculated by the Ashby technique, which uses radiolabeled RBCs. A number of radioisotopes may
be used, but *Icr and *mTc are the most common. Biotinylated cells may also be used.”*” The red cell volume is then
calculated by the dilution of the labeled cells over time using the following formula:

Red cell volume = cpm of isotope injected/cpm/ml red cell concentration per unit volume in sample

Usually, the measurements are made after a 15-minute interval, although longer periods may be needed with high blood
viscosity due to high Hcts to ensure complete labeled cell mixing. Total red cell volume measurements must be corrected
with splenic enlargement secondary to sequestration of the labeled cells within this organ. Red cell volume may also be
calculated from the total plasma volume and measured Hct by means of the following equation:

Red cell volume = Hct x plasma volume/100 - Hct

Total plasma volume may be useful in monitoring fluid and blood replacement. Red cell volume measurements are used
to document true polycythemia, although some authors advocate the use of erythropoietin levels and red cell colony
growth as less invasive surrogate tests for red cell volume or red cell mass measurements.** Total blood volume may be
calculated from the sum of total red cell volume and plasma volume measurements.
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Chapter 2 Clinical Flow Cytometry

DEFINITION

One of the meanings of the word flow is “to move with a continual shifting of the component particles.” The term
cytometry refers to counting (metry) cells (cyto). Thus, flow cytometry (FCM) is a method that employs a fluid stream to
carry cells through a counter. FCM evaluates multiple parameters of individual cells (or other particles) by measuring the
characteristics of light they scatter or the photons they emit as they stream through a light source. The strength of this
technology lies in its high throughput (measurement of high numbers of cells in short time) and in its ability to capture
many parameters per cell, assessing them individually. Currently, the principal applications of FCM in the clinical practice
are routine cell counters and immunophenotyping. This chapter focuses on clinical application of FCM in hematology,
mainly in diagnosis of hematologic malignancies. However, some functional assays (e.g., phosphorylation, cytokine
secretion, apoptotic) that are being introduced into clinical practice are also briefly discussed.

HISTORICAL BACKGROUND

FCM dates back to the work done in Stockholm by T. Caspersson and coworkers, who in the 1930s demonstrated that DNA
content, measured by ultraviolet and visible light absorption in unstained cells, doubled during the cell cycle.l’2 In 1950,
Coons and Kaplan reported on the detection of antigens in tissues using fluorescein conjugated antibody methods, which
prompted wide use of fluorescence microscopes.3 In 1953, W. H. Coulter patented the so-called Coulter principle and built
the first FCM machine, in which blood cells in saline suspensions passed one by one through a small orifice and were
detected by changes of electrical impedance at the orifice.” After the first paper in Science by M. Fulwyler,5 the era of
standard use of FCM for cell sorting started, beginning with publications from the L.A. Herzenberg Laboratory at Stanford
University, CA, USA in the early 1970s.° Soon after, the first flow cytometers became commercially available from Becton
Dickinson (now BD Biosciences), followed by other companies. FCM came into clinical use in the late 1980s, at first only in
specialized laboratories. In the 1990s and early 2000s, threeand four-color analysis became a standard diagnostic method
for immunophenotyping of hematologic samples. Many clinical solutions and standardization efforts were initialized by A.
Orfao and coworkers, from the University of Salamanca, Spain.7’8 In 2010, eight- and ten-color FCM became a standard
clinical method.** In research settings, applications using 19-parameter FCM combining 17 fluorescence channels with
forward scatter (FS) and side scatter (SS) have been reported.™

PRINCIPLES OF FLOW CYTOMETRY

For reliable analysis, the specimen must be in a monodisperse suspension. In a flow cytometer, isotonic fluid is forced
under pressure into a tube that delivers it to the flow cell, where a fluid column with laminar flow and a high flow rate is
generated (socalled sheath fluid). The sample is introduced into the flow cell by a computer-driven syringe in the center of
the sheath fluid, creating a coaxial stream within a stream (the so-called sample core stream). The pressure of the sheath
stream hydrodynamically aligns the cells or particles so that they are presented to the light beam one at a time. Flow
cytometers measure the amount of light emitted by fluorochromes associated with individual cells or particles (Fig. 2.1).
New flow cytometers have three to four lasers." For application in FCM, antibodies are conjugated with fluorochromes,
dyes that absorb the light from the laser and emit light at longer wavelengths. The list of fluorochromes commonly used in
clinical FCM is given in Table 2.1." The emitted light is focused by a lens onto fiberoptic cables and transmitted to
octagonal detectors (Fig. 2.1). Filters in front of each of a series of detectors restrict the light that reaches the detector to
only a small particular range of wavelengths (referred to as channels). The sensors convert the photons to electrical
impulses that are proportional to the number of photons received and to the number of fluorochrome molecules bound
to the cell. The fluorescent emissions are of low intensity and have to be amplified by photomultiplier tubes (PMT). PMTs
count the specific photons and the remaining light is reflected to the next filter, where the process is repeated. Thus, most
of the cell-associated fluorescence detected in a given channel is emitted by fluorochrome-coupled antibodies or other
fluorescent reagents of interest. Electrical impulses from photoelectrons collected by PMTs are converted to digital
signals. Acquired FCM data are electronically stored in so-called list-mode files that are a part of the medical record of the
patient.14
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A pair of light scatter channels provides an approximate measure of cell size (FS) and granularity (SS). FS and SS are used
to set the threshold for separating debris, erythrocytes, and platelets from viable nucleated cells. Live cells scatter more
light than dead and apoptotic cells and therefore have higher FS. SS is collected together with fluorescent light at right
angles to the beam and is due to light reflected from internal structures of the cell. Cells with high granularity or vacuoles
such as granulocytes or monocytes will have higher SS than ones with no granules such as lymphocytes or blast cells.

Most cells have low numbers of native fluorescent molecules that define their background fluorescence. Some of the light
may come from spillover fluorescence emitted by a reagent measured
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in a different channel. The interference is corrected by applying fluorescence compensation based on data from single-
stained samples. This is usually done using cells or beads before or during the data acquisition phase. However, modern
FCM data analysis software also allows collection of uncompensated data and applying compensation during analysis.
Before data acquisition, standard reference particles (fluorescent microspheres) should be used to adjust the PMT voltage
settings so that the beads fall in approximately the same location or the same “target channels,” predetermined for each
fluorochrome.

Detectors + Photomultiplier

’ " Tube
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LENS AF750
AF647
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APC Cy7
\r700 T
| > ‘
4883 : APC
407 ‘ o -
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FIGURE 2.1. Principles of multicolor flow cytometry. A single cell suspension is hydrodynamically focused with sheath fluid
to intersect lasers (three-laser system is shown). Fluorescence signals are collected by multiple fluorescence emission
detectors, separate for every laser. Examples of fluorochromes detected by different lasers are given according to Table
2.1. Detected signals are amplified by photomultiplier tubes and converted to digital form for analysis.

TABLE 2.1 TABLE OF FLUOROCHROMES COMMONLY USED IN CLINICAL FLOW CYTOMETRY

Probe Ex (nm) Em (nm) MW Acronym/Comments
Reactive and Conjugated Probes
R-Phycoerythrin 480;565 578 240 KPE
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Red 613 480,565 613 PE-Texas Red
Fluorescein isothiocyanate 495 519 389 FITC

Rhodamine isothiocyanate 547 572 444 TRITC
X-Rhodamine 570 576 548 XRITC

Peridinin chlorophyll protein 490 675 PerCP

Texas Red 589 615 625 TR
Allophycocyanin 650 660 104 KAPC

TruRed 490,675 695 PerCP-Cy5.5
Alexa Fluor 647 650 668 1250

Alexa Fluor 700 696 719

Alexa Fluor 750 752 779

Cyanine 5 (625);650 670 792 Cy5

Cyanine 5.5 675 694 1128 Cy5.5

Cyanine 7 743 767 818 Cy7

PE-TR-X 595 620 625 ECD

PE-Cy5 conjugates 480;565;650 670 Cychrome, Tri-Color, Quantum Red
PE-Cy7 conjugates 480;565;743 767 PE-Cy7

APC-Cy7 conjugates 650;755 767 APC-CY7

Nucleic Acid Probes

4’ 6-Diamidino-2-phenylindole 345 455 DAPI ,AT-selective
SYTOX Blue 431 480 “400 DNA

SYTOX Green 504 523 “600 DNA

Ethidium bromide 493 620 394

7-Aminoactinomycin D 546 647 7-AAD, CG-selective
Acridine Orange 503 530/640 DNA/RNA
Thiazole Orange 510 530 TO (RNA)
Propidium iodide 536 617 668.4 Pl

Em, peak emission wavelength (nm); Ex, peak excitation wavelength (nm); MW, molecular weight.
Cell Sorting

Some flow cytometers are capable of physically separating the cells (fluorescence activated cell sorter, FACS) based on
differences in any measurable parameters. Sorting is achieved by droplet formation. The basic components of any sorter
are:

e Adroplet generator

e Adroplet charging and deflecting system

e Acollection component

e The electronic circuitry for coordinating the timing and generation of droplet-charging pulses

The flow chamber is attached to a piezoelectric crystal, which vibrates at a certain frequency so that when the fluid
carrying the cells passes through the nozzle, forming a jet in air with a velocity of 15 m/s, the vibration causes the jet to
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break up in precisely uniform droplets, approximately 30,000 to 40,000/s. Each droplet, when separated from the jet, can
be charged and deflected by a steady electric field and is collected in a receptacle. Aimost every cell is isolated in a
separate droplet. When the cell is analyzed a sorting decision is made, and until the proper electrical charge pulse is
applied to the droplet containing the cell, there is a transit time determined by several factors, such as flow velocity,
droplet separation, and the cell preparation. If two cells cannot be separated the sorting is aborted.

Monoclonal Antibodies

Advances of FCM would not be possible without development of monoclonal antibodies (MAbs). By the Nobel Prize
winning hybridoma technology developed in 1975 by Kéhler and Milstein," lymphocytes from the spleen of an immunized
mouse can be immortalized by fusion to myeloma cells that have lost the ability to make their own immunoglobulins (Igs)
but are capable of unlimited mitotic divisions. Through limited dilutions, individual
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cell lines (hybridomas) that produce an antibody of unique specificity, avidity, and isotype can be established. In the early
days of the application of MAbs to immunology, many laboratories were immunizing mice with leukocytes. The obtained
hybridomas produced many antibodies that reacted with leukocytes, but the identities of the molecular targets were not
known. The reactivity spectrum of the antibody could be described by staining multiple different cell types, and in most
cases the target antigen could be isolated by immunoprecipitation or Western blotting and its molecular weight and other
structural characteristics determined.

The first round of multilaboratory, blind, comparative analyses of antibodies was performed during the first Human
Leukocyte Differentiation Antigen (HLDA) Workshop 1982 in Paris, France.™ Statistical analysis of data from several
laboratories revealed “clusters of differentiation,” named for the statistical procedure of cluster analysis and for the focus
on leukocyte differentiation. Antibodies thought to be detecting the same molecule, and the molecule itself, were given a
“cD” designation.17 An organization called the Human Leukocyte Differentiation Antigen Council has been established and
nine subsequent HLDA workshops have characterized 350 CD antigens. The HLDA council reviewed and modified the
objectives of HLDA in 2004, and changed the name of the organization to Human Cell Differentiation Molecules (HCDM).
The reasoning behind the name change to HCDM was to break with tradition while retaining the letters “CD,” to maintain
emphasis on molecules of human origin, to extend focus from leukocytes to other cell types interacting with leukocytes
such as endothelial cell or stromal cell molecules, and to broaden the scope from cell-surface molecules to any molecule
whose expression reflects differentiation, recognizing the growing values of intracellular molecules. The HCDM council
keeps a comprehensive database of CD molecules (www.hcdm.org). CD antigens, which are most often applied in
hematologic immunophenotyping are listed in Table 2.2 and are described in Appendix A.

Sample Preparation

Appropriate samples for clinical FCM include peripheral blood (PB), bone marrow (BM) aspirate, disaggregated tissue
including lymph node (LN) and other soft tissue biopsies as well as fine needle aspirations (FNA) and BM core biopsies,
cerebrospinal fluid (CSF), other body fluids including effusions and lavage fluids, and nuclei from paraffin-embedded tissue
for DNA ploidy assays. With the exception of the latter, all other clinical FCM specimens should be considered
biohazardous and labeled as such in accordance with national or regional safety standards. A test requisition form,
whether printed or electronic, should accompany all specimens. This form should include unique patient identifiers, age,
sex, diagnosis (if previously established) or suspect condition under consideration, name of the physician submitting the
specimen, pertinent medication or recent treatment (including dates of chemotherapy or radiation), date and time of
specimen collection, and source of the specimen (e.g., bone marrow aspirate, CSF, etc.). The requested test should appear
on the specimen label or on the requisition accompanying the specimen. Complete blood count (CBC) should be provided
for PB and BM samples. For PB, ethylene-diaminetetraacetic acid (EDTA), sodium heparin, or acid citrate dextrose (ACD)
may be used. For BM aspirates, sodium heparin is the preferred anticoagulant, and is required if cytogenetic testing is to
be performed on the same specimen. All tissue biopsies intended for FCM evaluation, including LN or other tissue biopsies
should be transported in an adequate volume of an appropriate transport medium in a sterile container to optimize cell
viability. CSF samples should be stabilized or analyzed immediately due to potential toxic effect on cell viability.18

All clinical samples should be analyzed as soon as possible. As a general rule, 24 hours is preferred but 48 hours is
considered the longest acceptable time frame for analysis. If transport time is longer, a viability report is mandatory and
the results should be interpreted cautiously. Room temperature (18°C to 25°C) is recommended for storage and transport.
For specimens that are not highly degenerated, nonviable cells can be excluded from the analysis by meticulous FS versus
SS gating. Dead cells trap fluorochrome-conjugated antibodies and increase background fluorescence. Fluorescent, DNA-
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binding dyes (Table 2.1) that are excluded from viable cells with intact plasma membranes and thus positive in nonviable
cells, can also be applied.

Whole PB/BM analysis with erythrocyte lysis is recommended for clinical immunophenotyping. Imnmunophenotyping of
density gradient (Ficoll) separated mononuclear cells should not be used due to selective cell loss. For surface(s) staining,
the so-called “stain-lyse-wash” method gives the best signal discrimination. Cells are first incubated with appropriate
amounts of titrated MADb, then erythrocytes are lysed and cells finally are washed before acquisition. Several commercial
lysis reagents, most of which also contain a fixative, are available. Samples to be stained for slg should be thoroughly
washed before incubation with MADb, in order to avoid false negative results due to the presence of serum Igs.

Evaluation of intracellular epitopes, including proteins, epigenetic protein modifications (e.g., protein phosphorylation,
methylation, etc.), DNA, or RNA generally require that the target cell population be fixed and permeabilized in order to
allow antibodies or target-binding dyes to cross the cytoplasmic and nuclear membranes. Commercial fixation and
permeabilization kits, with recommended protocols, are available from several manufacturers. 1920 Eor newly developed
tests, it is useful to check whether the obtained intracellular staining is associated with an expected localization, using
fluorescence microscopy. The specificity of the applied antibody should also be ensured. For cytoplasmic (cyt.) or nuclear
(n) staining, it is important to use antibody conjugates that are free of unconjugated fluorochrome molecules that can
stick to intracellular proteins nonspecifically. When simultaneous detection of surface and intracellular epitopes is
necessary, the surface staining is performed first, then cells are fixed and permeabilized, and finally intracellular epitopes
are stained.

Fluorochromes and Panels

Panel selection should be based on specimen type with consideration of information provided by clinical history, medical
indication, and morphology.21 Several guidelines and consensus papers giving lists of antigens proposed for diagnosis of
hematologic malignancies have been published.u‘22 Selecting which antibody combinations best delineate, distinguish,
and measure key differences within the target populations of interest and the number of simultaneously measured
antibodies is a critical step for FCM assays. Serial dilution antibody titrations against both positive and negative cellular
targets are necessary for antibody optimization. Choice of fluorochrome conjugate can affect background, specificity, and
dynamic range of measurement. Typically, one would choose a fluorochrome with the best quantum efficiency/yield as
the antibody conjugate to identify the lowest antigen density so as to obtain the best possible signal-to-noise ratio
possible. It is of high importance to reliably distinguish between antigen-positive and antigen-negative cell populations in
order to accurately measure the population of positive cells. This can be a challenge in populations of cells weakly
expressing antigens. Florescence-minus-one (FMO) controls give the maximum fluorescence expected for a given
population in a given channel when the reagent used in that channel is omitted.” These controls include both
autofluorescence of the cells and the spillover that may be present even after compensation corrections and therefore
such controls are best suited to determine boundaries between positive and negative cells for each subset.
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TABLE 2.2 LIST OF CD ANTIGENS MOST COMMONLY USED IN FLOW CYTOMETRY IMMUNOPHENOTYPING OF
HEMATOLOGIC SAMPLES

Expression in Normal MW
CD Hematopoietic Cell Types (kD)  Function
CDla Cortical thymocytes, Langerhans 49 Antigen presentation, w/2m
cells, dendritic cells
CD2 Thymocytes, T-cells, NK cells 50 CD58 ligand, adhesion, T-cell activation
CD3  T-cells, thymocyte subset W/TCR, TCR surface expression/signal

transduction

CD4  Thymocyte subset, T-cell subset, 55 MHC class Il coreceptor, HIV receptor, T-cell
monocytes, macrophages differentiation/activation

CD5 Thymocytes, T-cells, B-cell subset 67 CD72 receptor, TCR or BCR signaling, T-B
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CD7

CD8

CD9

CD10

CDl1la

CD11b

CDl1c

CD13

CD14

CD15
CD16

CD19

CD20
CD21

CD22
CD23

CD24

CD25

CD33

CD34
CD36

CD38

interaction

Thymocytes, T-cells, NK cells, small40 T costimulation
subset of hematopoietic progenitors

Thymocyte subset, T-cell subset, NK32-34 MHC class | coreceptor, receptor for some
subset mutated HIV-1, T-cell differentiation/activation

Eosinophils, basophils, platelets, 22-27  Cellular adhesion and migration
activated T-cells

B-precursors, germinal center B- 100 Zinc-binding metalloproteinase, B-cell

cells, thymocyte subset, neutrophils development

Lymphocyte subsets, granulocytes, 180 CD11a/CD18 receptor for ICAM-1, -2,-3,
monocytes, macrophages intercellular adhesion, T costimulation
Granulopoietic cells, NK cells 170 Binds CD54, ECM, and iC3b

Dendritic cells, granulopoietic cells, 150 Binds CD54, fibrinogen, and iC3b
NK cells, and B-cell and T-cell
subsets

Granulopoietic cells, monocytes 150-170 Zinc-binding metalloproteinase, antigen
processing, receptor for corona virus strains

Monocytes, macrophages, 53-55 Receptor for LPS/LBP, LPS recognition
Langerhans cells

Neutrophils, eosinophils, monocytes Adhesion

Neutrophils, macrophages, NK cells 50-65 Component of low-affinity Fc receptor,
phagocytosis, and ADCC

B-cells, plasma cells 95 Complex w/CD21and CD81, BCR coreceptor,
B-cell activation/differentiation

B-cells 33-37  B-cell activation

B-cells and T-cells subsets 145, 110Complement C3d and EBV receptor, complex
w/CD19 and CD81, BCR coreceptor

B-cells 150 Adhesion, B-mono, B-T interactions

B-cells, eosinophils, platelets 45 CD19-CD21-CD8L1 receptor, IgE low-affinity
receptor, signal transduction

Thymocytes, erythrocytes, 35-45 Binds P-selectin

lymphocytes, myeloid cells

Activated B-cells and T-cells 55 IL-2Ra, W/IL-2Rp, and y to form high affinity
complex

Granulopoietic cells, monocytes, 67 Adhesion

dendritic cells

Hematopoietic precursors 105-120 Stem cell marker, adhesion, CD62L receptor

Platelets, monocytes, erythropoietic 88 ECM receptor, adhesion, phagocytosis

precursors

High expression on B-cell 45 Ecto-ADP-ribosyl cyclase, cell activation

precursors, plasma cells and
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activated T-cells, low on
granulopoietic cells

CD41 Platelets, megakaryocytes

CD42a Platelets, megakaryocytes 22

CD45 Hematopoietic cells, multiple
isoforms from alternative splicing

CD56 NK subset, T-cell subset

185
CD57 NK subset, T-cell subset 110
CD59 Ubiquitous 18-20
CD61 Platelets, megakaryocytes 105

CD62L B-cells, T-cells subsets, monocytes, 74, 95

granulocytes, NK-cells, thymocytes

CD64 Monocytes, neutrophils 72

CD65 Granulopoietic cells

CD66 Neutrophils 90

CD68 Monocytes, neutrophils, basophils, 110
mast cells,

CD71 Proliferating cells, erythroid 95

precursors, reticulocytes

CD79 B-cells, plasma cells 33-37

CD103 B- and T-cell subsets

CD117 Hematopoietic progenitors, mast 145

cells

CD123 Basophils, dendritic cell subset, 70
hematopoietic progenitors

CD133 Hematopoietic stem cells subset 120

CD159cNK 40

CD235aErythropoietic precursors 36

CD175-

150, 25

125/22 w/CD61 forms GPlIb, binds fibrinogen,

fibronectin, vVWF, thrombospondin, platelet
activation and aggregation

Complex w/CD42b, ¢ and d, receptor for vVWF
and thrombin, platelet adhesion to
subendothelial matrices

180-240 Tyrosine phosphatase, enhanced TCR and BCR

signals
Neural cell adhesion molecule

HNK-1
Complement regulatory protein

Integrin 3, adhesion, CD41/CD61 or
CD51/CD61 mediate adhesion to ECM

CD34, GlyCAM, and MAdCAM-1 receptor,
leukocyte homing, tethering, rolling

FCyRl, increases on neutrophils in sepsis
Phagocytosis

Cell adhesion

Macrosialin

Transferrin receptor, iron uptake

Component of BCR, BCR surface expression
and signal transduction

w/integrin 7, binds E-cadherin, lymph
homing/retention

Stem cell factor receptor, hematopoietic
progenitor development/differentiation

IL-3Ra, w/CDw131

w/MHC class | HLA-E molecules, forms
heterodimer with CD94

Glycophorin A

For a comprehensive list and characteristics please see www.hcdm.org.
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Often the same anchor gating antibodies are used in every tube thereby allowing consistent population gating strategies
across all tubes of a panel. In immunophenotyping of lymphocyte subsets and in the diagnosis of leukemia/lymphoma,
CDA45 anchor gating has been shown to provide differential population identification correlated to morphologic
microscopic differentials (Fig. 2.2)***":

e Mature lymphocytes are characterized by low side scatter and strong CD45 expression (lymph region, Fig. 2.2 plot
B).

e Monocytes have higher SS and strong CD45 expression (monocyte region, Fig. 2.2 plot B).
e  Erythropoietic precursors are CD45 negative and have low SS (CD45- ery region, Fig. 2.2 plot B).

e Granulopoietic precursors and granulocytes are weakly CD45 positive and have high SS (CD45 dim, gran region,
Fig. 2.2 plot B).

e Early hematopoietic precursors of various lineages, including CD34+ stem cells, are characterized by low CD45
expression and low SS (blast region, Fig. 2.2, plot B).

The localization of these subpopulations on the CD45/SS plot can be confirmed by multicolor staining of various lineage-
associated antigens together with CD45 (Fig. 2.2, plots C-K) and visualization of cell clusters positive for given antigen
combinations on the CD45/SS plot (Fig. 2.2, plot B) by so-called back-gating using color-coding.”

In multicolor FCM, lineage-associated antigens that are broadly expressed through maturation of investigated cell lineage
can be used for gating in conjunction with SS and CD45 (e.g., CD19 for B-cells, CD3 for T-cells Figs. 2.2 and 2.3). Examples
of 10-color panels for leukemia and lymphoma, currently used at the Flow Cytometry Laboratory at the Department of
Laboratory Medicine, University Health Network, Toronto General Hospital, Toronto, Ontario, Canada are given in Table
2.3.

Data Analysis and Reporting

Fluorescence data may be presented using either linear or logarithmic amplification. In linear amplification, fluorescence
differences are directly proportional to differences of fluorochrome concentration between cells. Logarithmic
amplification compresses a wide input range, which may cause difficulties in resolving populations with similar
fluorescence intensities. “Logicle” (or “biexponential”) displays have recently been designed for the display of FCM data so
that they incorporate the useful features of logarithmic displays but also provide accurate visualization of populations
with low or background fluorescence.” During analysis, data is presented in form of:

e Histograms (for one parameter), where relative fluorescence or scatter is on the x-axis and the number of events
with given characteristics on the y-axis

e  Two-parameter dot plots, where each signal is visualized by one dot and given a parameter on the x- and y-axes;
various cell populations can be then “painted” with different colors

e Density plots, where hotspots indicate large numbers of events resulting from discreet population of cells and
colors can give the graph a three-dimensional feel

e  Contour diagrams, where joined lines represent similar numbers of cells
. . .. .. . 9,26
New software where multiparameter data can be analyzed using principal component analysis is also available.

Analysis is usually focused on identifying and quantifying subsets of cells. Successful analysis will depend on correct
marker selection and panel design. Cell counts and percentages are typically reported. The choice of gating strategy
depends on the panel used and specific populations of interest. In immunophenotyping of PB and BM, the analysis can be
focused on lymphocytes (CD45 bright gate, Fig. 2.4), B-lymphocytes (Fig. 2.3), blasts (CD45 dim gate, Figs. 2.2 and 2.5), T-
lymphocytes and natural killer (NK) cells, on monocytes, or include all living cells in the sample (debris excluded). In tissue
samples (lymph nodes, FNA, body fluids) a broad lymphocyte gate is usually applied. The parent population should be
clearly identified when percentages are reported: a fraction may represent a percentage of all living cells in the sample
(debris excluded), a percentage of lymphocytes, a percentage of B-cells, a percentage of T-cells, or a percentage of blasts.

In hematology, assays are usually designed to characterize abnormal cell populations or stages of cell development. In
these tests, marker intensities are used to identify the immunophenotype of the cells at various stages of differentiation.
Therefore, markers with good dynamic range and proper spillover compensation are critical. Intensity results are typically
reported as medians or geometric means. A comparison to control populations either external such as beads or internal
such as normal mature cells is often used. If fluorescence intensity is comparable to normal mature cells, it is reported as
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“normal”: positive if it corresponds to normal cells, “dim” if it is weaker than in normal cell population, or “bright” if it is

stronger than in normal cells.

Most currently used analysis software allows cross-platform application for analysis and makes it possible to create
analysis templates that are a useful tool for assuring that the analysis is always performed in the same way.””® Templates
help to include all critical elements, and they can serve as an example of how the analysis should be performed. Due to
the highly complex nature of multiparameter analysis, it is recommended that experienced interpreters with knowledge of
instrumentation, software, and data analysis produce the templates and supervise the reporting. The final report should

contain:
e Demographic identification of patient
e I|dentification of the hospital or division sending the sample
P.24
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FIGURE 2.2. Bone marrow mapping with polychromatic flow cytometry. Reactive bone marrow sample from a
young patient was analyzed with a screening ten-color 14 MAb panel on a Navios flow cytometer and Kaluza
software (Beckman Coulter). The MAb panel consisted of kappa+CD4 FITC/Lambda+CD8-PE/CD3 + CD14
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ECD/CD34 APC/CD20+CD56-PC7/CD10-APC-A750/CD19-APC-A700/CD33 PC5.5/CD5-Pac Blue/CD45 Krom Orange.
Analysis starts with the creating of the “live cells” gate by removal of dead cells, erythrocyte, and platelet
aggregates on FS/SS plot (A). A CD45/SS plot is created within the live cell gate (B). Regions for lymphocytes
(CD45bright/low SS), monocytes (CD45 bright/high SS), granulopoietic cells (CD45 dim/high SS), CD45dim/low SS
blasts, and CD45-low SS erythropoietic cells are determined. The B-cell gate is created from the live cell gate on
the CD19/SC plot (C). Presence of CD5 positive B-cells is investigated using a CD5/CD19 plot (D). The presence of
CD10+ B-cells is looked for by analysis of CD20 and CD10 expression within the B-cell gate (E). In this patient, no
CD5+ B-cells were detected but a significant fraction of B-cells showed B-precursor immunophenotype with
normal maturation pattern (E). If a CD5+ or CD10+ B-cell population is present, a new gate can be created within
plot D or E. B-cell clonality is analyzed within the B-cell gate (F). In this patient most B-cells are negative for light
chain expression, consistent with B-cell precursors. Note that most of CD10+/CD20 dim B-cell precursors (cyan
dots) fall into the blast gate in the CD45/SS plot (B). Kappa and lambda positive B-cells have normal kappa to
lambda ratio. If CD5 and/or aberrant CD10+ B-cells were present, clonality of B-cells would be analyzed within
the specific CD5+/CD19+ or CD10+/CD19+ gate. The fraction of CD34+ cells (red dots) is estimated within the live
cell gate on the CD34/SS plot (G). If increased numbers of CD34+ cells are found, they are further analyzed for
CD33, CD19, and CD10 expression. CD3+ T-cell and CD14+ monocyte gates are created on the CD45/CD3+CD14
plot within the live cell gate (H). Fractions of CD4+ (violet dots) and CD8+ T-cells (light green dots) are estimated
within the CD3+ gate (). CD4/CDS8 ration was normal (1.16). Granulopoietic cells are analyzed on CD33/CD10 plot
within the “Gran” gate and fractions of mature neutrophils (CD33+CD10, orange dots) and granulopoietic
precursors (CD33+ CD10, brown dots) are estimated (J). CD14-CD33bright monocytic precursors can also be
enumerated (green dots). Finally the fraction of CD56+ NK cells (dark blue dots) can be evaluated on a
CD20+56/SS plot using the Boolean gate of live cells + non-B-cells to exclude CD20+ B-cell from analysis (K).
Various cell populations are back-gated and visualized on both FS/SS and CD45/SS plots (A and B).

P.25

Type of specimen (bone marrow aspirate, peripheral blood, other biologic fluids)
Timing of observation (first diagnosis or follow-up)

Diagnostic hypothesis made by the sender

List of antigens and type of immunofluorescence analysis carried out

Absolute number of cells in the sample

Quality of the sample, in terms of viability

General description of the gating procedure

Immunophenotype of abnormal cells present in the sample

Description of other (normal) cells
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FIGURE 2.3. A. Examples of analysis of B-cell compartment in bone marrow samples. Ten-color MAb panel, Navios
flow cytometer, and Kaluza software (Beckman Coulter) were applied. Panel consists of Kappa-FITC/Lambda-
PE/CD19 ECD/CD34-APC/CD10-APC-A750/CD23-APC-A700/CD20-PC7/CD38-PC5.5/CD5 Pc Blue/CD45-Krom
Orange. The live cell gate is created and fractions of lymphocytes, granulocytes, monocytes, and the like are
evaluated as shown in Figure 2.2. The B-cell gate is created on a CD19/SS plot and expression of CD5, CD23, and
CD10 is analyzed within the B-cell population. Kappa and lambda light chain expression is analyzed within total B-
cell, CD5+ B-cell, or CD10+ B-cells as appropriate. Expression of CD34 and CD38 within the C19+ B-cell population
can also be analyzed (see Fig. 2.3B). The fraction of plasma cells can be estimated using CD38 bright expression
and high SS on the CD38/SS plot (not shown). Upper row: population of B-cells with B-CLL/small lymphocytic
lymphoma-related phenotype (CD19+, CD5+, CD23+, CD20 dim, kappa dim, CD10-) consistent with bone marrow
involvement in a patient who was diagnosed with small lymphocytic lymphoma in a lymph node biopsy and had
no peripheral lymphocytosis. Bone marrow biopsy showed rare nodular lymphoid infiltrates. Middle row: CD5-
CD10-CD23- lambda+ B-cell population in a patient with Waldenstrém macroglobulinemia. Lower row:
population of CD19+ CD10+ B-cells strongly expressing CD20 and kappa in a patient with bone marrow
involvement by a follicular lymphoma. B. Examples of analysis of B-cell compartment in a lymph node cell
suspension. Ten-color MAb panel, Navios flow cytometer, and Kaluza software (Beckman Coulter) were applied.
Panel consists of Kappa-FITC/Lambda-PE/CD19 ECD/CD34-APC/CD10-APC-A750/CD23-APC-A700/CD20-
PC7/CD38-PC5.5/CD5 Pc Blue/CD45-Krom Orange. The live cell gate is created and fractions of lymphocytes,
granulocytes, monocytes, and the like are evaluated as shown in Figure 2.2. The B-cell gate is created on the
CD19/SS plot and expression of CD5, CD23, and CD10 is analyzed within the B-cell population. Most B-cells were
positive for CD20, CD38, and CD10, and showed monotypic lambda expression.

Diagnostic conclusions

Comments and/or recommendations for further testing.”*?’
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Validation of Assays and Quality Assurance

In clinical settings, the results obtained in FCM must be interpreted in relation to clinical information and to the results of
other techniques (morphology, cytogenetics, molecular genetics, fluorescence in situ hybridization [FISH]), which are used
as a validation of the information provided by FCM.>* Newly established panels have to be validated by comparison to
reference
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methodology, interlaboratory comparison, or verification with specimens obtained from patients with a confirmed
diagnosis. A minimum of 10 to 20 samples (10 normal, 10 abnormal) is recommended for accuracy assessment. The
acceptance criteria will also be variable depending on the required degree of accuracy for the intended use, nevertheless
should be clearly defined for each assay. Ninety percent, or greater, agreement between methods is generally required for
accuracy.
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FIGURE 2.3. (Continued)

All instruments have to follow daily quality checks according to manufacturers' recommendations. Participation in a
suitable external quality assurance (EQA) program should be undertaken. Many proficiency testing programs are in
existence operating at local, national, or international levels. The more common uses of FCM should be subjected to EQA
and many of the larger international programs such as those operated by UK NEQAS for Leukocyte Immunophenotyping28
and the College of American Pathologists offer FCM EQA programs for leukemia and lymphoma diagnosis, lymphocyte
subset monitoring, paroxysmal nocturnal hemoglobinuria (PNH), and CD34+ stem cell enumeration. Many of these
programs use stabilized material enabling samples to be transported long distances such that data from large
international cohorts can be examined to search for any instrument or reagent bias. The frequency of the samples issued
by such programs is recommended to be at least four times per year to ensure continued performance monitoring.

TABLE 2.3 EXAMPLES OF 10-COLOR FLOW CYTOMETRY PANELS® IN IMMUNOPHENOTYPING OF LEUKEMIA AND

LYMPHOMA
Panel FITC® PE ECD PC5.5 PC7 APC APC- APC- PB KO
AF700 AF750
B-cell kappa lambda CD19 CD38 CD20 CD34 CD23 CD10 CD5 CD45
T-cell CD57 CD1l1lc CD8 CD3 CD2 CDs6 CD7 CD4 CD5 CD45
AML-granulo CD65 CD13 CD14 CD33 CD34 CD117 CD7 CD1lb CD16 CD45
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AML-mono
AML-ery-ly
ALL-B
ALL-T

AL-
cytoplasmic

CD36 CD64 CD56 CD33 CD34 CD123
CD71 CD11lc CD4 CD33 CD34 CD2
CD58 CD22 CD38 CD33 CD34 CD123
CD7 CDla CD8 CD33 CD34 CD2
TdT MPO CD14 CD33 CD34 cytCD79

CD19  CD38
CD10  CD235a
CD10  CD19
CD10  CD4
cytCD22 CD19

HLA-DRCD45
CD15 CD45
CD20 CD45
CD5  CD45
CytCD3 CD45

*These panels are in current clinical use at the Flow Cytometry Lab., Department of Laboratory
Medicine, University Health Network, Toronto General Hospital, Toronto, Ontario, Canada.

® Characteristics of fluorochromes are given in Table 2.1.
NORMAL HEMATOPOIESIS

Knowledge of levels and expression patterns of various antigens in normal hematopoietic cells at different stages of
development provides a frame of reference for recognition of abnormal differentiation
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patterns. Following reports by Terstappen et al.,”>*° and ** several groups provided descriptions of clearly delineated

differentiation stages of various hematopoietic cell lineages.

32,33,34,35
a

36,37,38
nd

A detailed review of all available data is

beyond the scope of this chapter; a summary of the most important and well-established issues is provided below.
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FIGURE 2.4. Example of aberrant T-cell population detected in peripheral blood of a patient with lymphocytosis. Five-color
MADb panel and FC500 flow cytometer (Beckman Coulter) were used. Analysis shows that 63% of blood cells were
lymphocytes (Ly, red dots on upper left plot). Analysis was performed within lymphocyte gate. Analysis revealed an
aberrant population of CD3+ T-cells (75% of lymphocytes) that lack CD7 are positive for CD5 and CD4 with partial co-
expression of CD8 (upper row). Small populations of normal CD4+CD7+ and CD8+CD7+ T-cells are also noted (7% and 9%
of lymphocytes, respectively, middle row). All T-cells were positive for CD2 and negative for CD25 (left middle row).
Further analysis that showed that the aberrant T-cell population was positive for NK-cell-associated antigens CD56 and
CD57 (lower row) and had large granular lymphocyte morphology (not shown). MAb to TCR alpha/beta was positive and
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TCR gamma/delta negative. No expression of CD30 or CD1a was noted (left lower plot).
Immature Cells of Normal Bone Marrow

CD34+ hematopoietic progenitor and precursor cells (HPC) that constitute most cells of the CD45/dim (blast) region are a
heterogeneous cell population. A small fraction of pluripotent stem cells with long-term repopulating cell activity have
been associated with the CD34/CD38- phenotype.39’40 These cells are very rare in normal BM (usually <0.1%)"!, but may
increase in regenerating BM and in myelodysplastic syndromes (MDS).*** cD34/CD45dim cells also include a major
fraction of HPC already committed to different hematopoietic lineages (erythroid, neutrophil, monocytic, dendritic cell
(DC), basophil, mast cell (MC), eosinophil, and megakaryocytic) and variable numbers of CD34+ B-cell precursors (BCp).*
Human stem cells are defined by expression of CD90 and CD49f and are CD45RA negative. Early myeloid progenitors were
isolated based on the expression of IL-3 receptor, a chain (CD123) or FLT3 (CD135), and CD45RA. Myeloid, but not
erythroid, progenitors express CD123 and CD135, and the transition from common myeloid to granulocyte-macrophage
progenitor is marked by acquisition of CD45RA [reviewed in Ref. 44].

Granulocytic Differentiation

Several antigens change their expression intensity during maturation of granulopoiesis. Characteristic normal patterns for
various antigen combinations have been identified using multicolor analysis.25’36’37’45 Continuous variation in the
expression of CD13, CD11b, and CD16 that occurs as the blasts/promyelocytes mature to neutrophils makes the
combinations of these antigens very useful in delineating granulocyte maturation (Fig. 2.6). CD13 is expressed at high
levels on CD34+ HPCs and CD117+ precursors (promyelocytes). CD13 is then down-regulated and dimly expressed on
intermediate precursors (myelocytes) and it is gradually up-regulated again as the granulocytic cells develop into
segmented neutrophils. CD11b and CD16 are initially expressed at low levels, but their expression increases during
maturation (Fig. 2.6).

Expression of CD33 is particularly useful if followed together with expression of HLA-DR. CD34+ cells are HLA-DR positive
and become weakly positive for CD33. With maturation, CD34 disappears and CD33 expression is up-regulated, followed
by down-regulation of HLA-DR and slight down-regulation of CD33 in most mature forms.*” CD15 and CD65 appear when
cells are restricted to neutrophil differentiation. CD66, CD16, and CD10 are the markers of mature, band, and segmented
neutrophil granulocytes and can be applied to evaluate blood contamination of aspirate.%’47 and *® The sequence of
marker expression during neutrophil differentiation is summarized in Table 2.4. It has been confirmed by cell culture

. . . 36,49,50
studies and sorting experiments.
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FIGURE 2.5. Examples of various scatter characteristics of CD45 dim blast population and patterns of antigen expression in
acute myeloid leukemia. Bone marrow samples were stained with an eight-color MAb panel and acquired on a FACS-
CANTOII flow cytometer (BD Bioscience). Panel consisted of CD56-FITC/CD13-PE/CD34 PerCP-Cy5.5/CD117-PE-Cy7/CD33-
APC/CD11b APC-Cy7/HLA-DR Pac Blue/CD45 AmCyan. Analysis was performed using Kaluza software (Beckman Coulter).
After removal of dead cells and debris, blasts, lymphocytes, monocytes, and granulopoietic precursors/granulocytes were
gated on the CD45/SS plot. Further analysis of antigen expression was performed within the blast population (dark blue
dots) except for myelomonocytic leukemia (fourth row) where the monocyte gate was added (green dots). The upper row
of plots shows an example of AML without differentiation showing agranular blasts, positive for CD34, CD117, CD13, and
HLA-DR, but negative for CD33 and CD56. The second row shows an example of AML with granulocytic differentiation as
demonstrated by partial expression of CD11b and SS characteristics. Blasts are strongly positive for CD34, CD117, CD13,
CD33, and HLA-DR but negative for CD56. The third row shows an example of APL with characteristic high SS and negative
CD34, HLA-DR, CD11b, heterogeneous CD13, strong CD33, and no expression of CD56. The fourth row shows an example
of myelomonocytic AML where a population of blasts (dark blue) and a population of aberrant monocytes were detected.
Blasts were positive for CD34, CD33, CD11b, and HLA-DR but negative for CD117 and CD13. Both blasts and monocytes
showed aberrant expression of CD56. The lower row shows an example of monoblastic leukemia, which was negative for
CD34, CD117, and CD13 but showed strong expression of CD33 and CD56, dim HLA-DR, and partial expression of CD11b.

Monocytic Differentiation

CD14, CD36, and CD64 are considered as monocyte-associated markers, CD14 being the most specific. During maturation
toward promonocytes, progenitors down-regulate CD34 and CD117 and gain the expression of CD64, CD33, HLA-DR,
CD36, and CD15, with an initial mild decrease in CD13 and an increase in CD45. Maturation toward mature monocytes
leads to a progressive increase in CD14, CD11b, CD13, CD36, and CD45, with a mild decrease in HLA-DR and CD15. Mature
monocytes show expression of bright CD14, bright CD33, variably bright CD13, bright CD36 and CD64, and low CD15.>**"
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Erythropoietic Differentiation

Early erythropoietic precursors are found in the blast area and can be identified by very bright CD44, bright CD71,
intermediate CD36, positivity for HLA-DR, and expression of CD117 with “dim” CD45. Glycophorin A (CD235a) is expressed
at a low level at this stage. Maturation to the basophilic erythroblast is accompanied

P.29

by a decrease in CD44, disappearance of CD45 and acquisition of bright CD235a expression. At transition to the
polychromatophilic/orthochromatophilic stage, erythroblasts show loss of HLA-DR, further decrease in CD44, and a mild
decrease in CD36.>"*
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FIGURE 2.6. Flow cytometry analysis of maturation in granulopoiesis. Reactive bone marrow samples were stained with an
eight-color MADb panel and acquired on a FACS-CANTOII flow cytometer (BD Bioscience). Panel consisted of CD56-
FITC/CD13-PE/CD34 PerCP-Cy5.5/CD117-PE-Cy7/CD33-APC/CD11b APC-Cy7/HLA-DR Pac Blue/CD45 AmCyan. Analysis was
performed using Kaluza software (Beckman Coulter). Granulopoietic cells and blasts were gated on CD45/SS plot within a
live cell gate (upper left). CD34+ cells were gated in a live cell gate and a Boolean gate was created by adding both gates
(called granulopoiesis). Expression of CD34 and CD117 showed three populations: CD34+/CD117-CD34+/CD117+ and
CD117+/CD34-. The right upper plot shows maturation in granulopoiesis corresponding to promyelocytes (I: CD13+
CD11b-), myelocytes (Il: CD13+/dim, CD11b dim), metamyelocytes/bands (Ill: CD13 dim, CD11bright), and mature
neutrophils (IV: CD13bright, CD11b bright). The lower row of plots illustrates the position of these various subsets in other
antigen expression plots. All granulopoietic cells were negative for CD56 (not shown).

Lymphocyte Differentiation

The average reported relative frequencies of major lymphoid subsets in various types of tissues are given in Table 2.5.
Each laboratory should establish its own ranges.

B-cells

B-cell differentiation in the normal human bone marrow has been extensively studied by several groups that described
characteristic patterns of antigen expression on consecutive stages of B-cell precursors (Table 2.6, Fig. 2.7).3'3"3'6’53"54’55 and
*® The changes in antigen expression in B-lineage committed cells can be summarized as follows”’:

e (CD34+CD10+ Terminal deoxynucleotidyl transferase (TdT)+CD79a+CD19neg common lymphoid progenitor (CLP):
early B (E-B) stage.

e (CD34+CD19+CD10+TdT+CD20-cytlgM- pro-B-cell stage.

e  After down-regulation of CD34 and TdT they become CD34-CD19+ CD10+ CD20 heterogenous pre-B that can be
further subdivided in I and Il subsets.
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e (CD34-CD19+CD20+CD10dim/- IgM+ immature (IM)-B-cells.
e After expression of light chains, cells become CD10-CD19+ CD20+ IgM+ IgD+ mature B-cells.

Pre-B and IM B-cells constitute the majority of B-cells in BM of children, whereas mature B-cells are most frequent in adult
BM.33,36

In children with BM regeneration after infection or chemotherapy and in transient hyperplasia of B-cell progenitors,
subpopulations of IM and mature B-cells co-expressing CD5 have been identified.”® CD5+ B-cells are the major population
of B-cells in fetal life, and their percentage decreases with age.>> Knowledge of antigen expression patterns of B-cell
subsets in normal BM is essential for follow-up studies of minimal residual disease (MRD) in patients treated for B-

. . 33,59,60
precursor acute lymphoblastic leukemia (ALL).

T-cells

T-cell production is maintained throughout life by thymic seeding of BM-derived progenitors. Rare (<0.1%) T-cell-
restricted precursors, which express pre-Ta protein on the cell surface and are CD34+CD7+CD45RA+, were identified in
human BM.>"%* Recently, it has been suggested that CD34+ CD10+ CD24- progenitors present in both BM and thymus
constitute a thymus-seeding population and may replace CD34+ CD7+ CD45RA+ cells in the post-natal period.®” However,
frequency of these cells in normal BM is lower than 1/10-4.* No TdT-positive T-cells expressing cytoplasmic CD3 are found
in normal BM.>* Most mature T-cells in the BM co-express CD7, CD5, CD2, and membrane CD3 and are either CD4 or CD8
positive. However, minor subsets of CD7+ cells lacking other “pan-T” antigens, small subsets with co-expression of CD4
and CD8, and a subset lacking CD4 and CD8 have been identified.>* A small population of CD7- T-cells (<10% of T-cells) can
also be seen in normal and reactive conditions.®’

Minor Bone Marrow Cell Subsets

In healthy donors, eosinophils represent 2% to 3% of blood leukocytes. Numbers of eosinophilic precursors may vary
considerably
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in reactive BM. Eosinophilic myelocytes can be identified by high side scatter, intermediate CD45 (at a level slightly higher
than neutrophilic myelocytes), low to intermediate CD11b, intermediate CD13, and low CD33 with bright CD66b and no
CD16 expression. Mature eosinophils show increased levels of CD45 and CD11b with a decrease in CD33 and are negative
for CD16.°*

TABLE 2.4 SURFACE MARKER EXPRESSION DURING MATURATION OF GRANULOPOIETIC PRECURSORS IN THE BONE
MARROW

Antigen Blasts Promyelocytes Myelocytes Metamyelocytes Bands Segmented Neutrophils

CD10 - - - - - +
CDlla d d d + + +
CD11lb - - d + + b
CDllc - - d d d
CD13 d + + d d/+ b
CD15 -[+ d/+ + + + +
CD16 - - - d + b
CD18 + + b + + +
CD24 - - + + + +
CD33 -dli+ b + d d d
CD34 a+ - - - - -
CD35 - - - - d d
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CD44 b + d d + b
CD45RA d d - - - -
CD45R0O - - - d + b
CD54 + + -/d -/d -/d -/d
CD55 b + + b

CD59 b b b b

CcD62L + + + + + +
CD64 d d + + - -
CD65 -/+ d + + b b
CD66a - - + + + +
CD66b - b b + + +
CDh66c - b b + + +
CD117 + - - - -
CD133 d - - - - -

-, Negative; -/+ or (d), partially positive (or dim); d, dim, weakly positive; +, positive; b, bright,
strongly positive.

TABLE 2.5 AVERAGE RELATIVE FREQUENCY OF MAJOR LYMPHOID CELL SUBSETS IN NORMAL TISSUES

Peripheral Peripheral Bone Lymph

Blood® Children Blood® Adults marrow® Nodes®  Tonsils® Spleen®
Subset (%) (%) (%) (%) (%) (%)

2-5 Years 5-15 Years Children  Adults
CD19+ B-cells 24 17 12 10 3 41 5155
CD3+ T-cells 64 68 72 6 12 56 4931
CD4+ CD3+ T- 37 38 44 3.2 6.5 48 4217
helper
CD4+CD8+ T- 24 26 24 2.6 4.2 10 614
cytotoxic
Natural Killer (all 10 13 13 2 4 1 <115
NK subsets)

Percentage of cells in the lymphocyte region (CD45 bright).

®Percentage of total bone marrow cells.
Basophils are the least common granulocyte subset (0.5% of total blood leukocytes and about 0.3% of nucleated BM cells
in
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healthy individuals). Basophils are positive for CD9, CD13, CD22 (dimmer than mature B-lymphocytes), CD25 (dim), CD33,
CD38 (bright), CD45 (dimmer than lymphocytes and brighter than myeloblasts), and CD123 (bright), and are negative for
CD3, CD4, CD19, CD34, CD15, CD64, CD117, and HLA-DR. In some individuals, basophils are positive for CD11b.%®

TABLE 2.6 IMMUNOPHENOTYPIC CHANGES DETECTED BY FLOW CYTOMETRY DURING B-CELL DEVELOPMENT IN
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NORMAL BONE MARROW
Early Pro- Pre- LargePre- Small Pre- Mature Plasma
CLPB B Bl Bl Bl Immature-BB cells

CD34 + o+ + - - - - - -
CD10 + o+ + + + + +/dim - -
CD19 - - + + + + + + +
Cyt.CD79% - + + + + + + + +
Cyt.Ch22 - + + + + + + + +
TdT - - + - - - - - -
mCD22 - dim dim + + + + + -
CD20 - - - + + + + + -
sigM - - - - - - + + -
slgDh - - - - - - - + -
slgkorA - - - - - - - + -
cyt.Ig k or A- - - - - - - + +

CLP, common lymphatic precursor; cyt., cytoplasmic; s, surface; TdT, terminal deoxynucleotidyl
transferase.

Bone marrow mast cells (BMMCs) are present in normal BM at a very low frequency 0.021% +/- 0.0025% of the nucleated
cells.®® BMMCs are clearly identifiable on the basis of their light scatter properties and strong CD117 expression. Normal
BMMCs are virtually always positive for the CD9, CD11c, CD29, CD33, CD43, CD44, CD45, CD49d, CD49e, CD51, CD54,
CD71, and FceRI antigens. Other markers such as CD11b, CD13, CD18, CD22, CD35, CD40, and CD61 display a variable
expression in normal individuals. BMMC are negative for the CD34, CD38, and CD138 antigens.w’68

Dendritic cells (DCs) comprise two main subpopulations: conventional DCs (cDCs) and interferon-producing plasmacytoid
(p) DCs. Human cDCs are Lineage (Lin) negative HLA-DR+ cells that express high levels of CD11c and consist of a major
blood dendritic cell antigen (BDCA)3- and a minor BDCA3+ population. Human Lin-HLA-DR+ pDCs are defined by absence
of CD11c expression and by high levels of CD123 (the IL-3Ra chain) and BDCA2.% The CD11c+HLA-DR+BDCA3- population
can be further subdivided into CD16+ and CD16- populations. Recent studies indicate that cDCs in lymphoid tissues arise
from a distinct population of committed cDC precursors (pre-cDCs) that originate in bone marrow and migrate via blood.
Spleen cDCs arise from a distinct population of Lin neg CD11c+ major histocompatibility complex (MHC) class Il neg
immediate cDC precursors (pre-cDCs). Pre-cDCs originate from bone marrow Lin neg CD117int FLT3+ CD115+ common DC
progenitors.70 The direct progenitor of pDCs is contained within the CD34 low compartment of cord blood, fetal liver, and
bone marrow. These progenitors (pro-pDCs) co-express CD45RA, CD4, and high levels of CD123.>’

NK cells are positive for CD2 and CD7 but negative for CD3 and CD5. In humans, there are two major subsets of NK cells:
one expressing high levels of CD56 and low or no CD16 (CD56hiCD16+/-), and the second that is CD56+CD16hi""
CD56hiCD16+/- cells display relatively lower cytolytic activity and produce more cytokines than the CD56+CD16hi cells. A
putative committed NK precursor has been found within CD34lo CD45RA+ a4B7hiCD7+/-CD10- BM population and gives
rise to CD56hi CD16- NK cells in vitro. The immature NK cells developing from committed NK-cell precursors are defined
by expression of CD161 (NKR-Pl).72 These cells do not express CD56 or CD16. Immature NK cells can be induced to express
these markers as well as the activating and inhibitory receptors, CD94 (NKG2A) and killer inhibitory receptors (KIR), upon
culture with stromal cells and cytokines such as IL-15 or FIt3-L.> A total of 30% to 60% of CD56dim CD16bright NK cells in
healthy adults express CD57, which is not expressed on immature CD56bright NK cells. CD57+ NK cells express a repertoire
of NK-cell receptors, suggestive of a more mature phenotype, and proliferate less when stimulated with target cells
and/or cytokines.”

MULTICOLOR ANALYSIS OF HEMATOLOGIC MALIGNANCIES
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Detailed immunophenotypic information necessary for diagnosis and prognosis of various hematologic diseases, based on
both FCM and immunohistochemistry, are provided in their respective chapters. The FCM findings important for diagnosis
of most common entities are summarized below.

Immunophenotyping of B-Cell Lymphoproliferative Disorders

Normal/reactive B-cell populations in blood, bone marrow, and lymphatic tissue are polyclonal with an average Igk/Igh
ratio of 1.5 (range 0.9-3) (Fig. 2.2).”* An increase of polyclonal B-cells in blood, called the persistent polyclonal B-cell
lymphocytosis (PPBL) is characterized by a chronic, stable, persistent, and polyclonal increase of B-cells (median 5 x 10°/L),
the presence of binucleated lymphocytes in the PB, and a polyclonal increase in serum immunoglobulin-M (IgM). Most
patien7tss are asymptomatic but isochromosome 3q and development of malignant lymphoma has been described in some
cases.

B-cell malignancies are clonal expansions of B-cells that express only one type of Ig light chain (k or A). Analysis of light
chain expression in total B-cell population and in CD5/CD19 or CD10/CD19 positive cells forms the basis for B-cell
lymphoma diagnosis (Fig. 2.3). Typical immunophenotypes found in various
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mature B-cell lymphoma subtypes are summarized in Table 2.6. An issue that may cause diagnostic problems is the
demonstration of small monoclonal B-cell populations in the BM samples taken during investigations for staging of
lymphoma. As FCM sensitivity increases, it becomes more likely that small abnormal populations are detected; how these
relate to the neoplastic cells found in other organs is not clear. In some cases a clonal relationship to the diagnostic
lymphoma sample has been demonstrated.”® However, if the histopathologic signs of lymphoma involvement are missing,
these cells may represent sc. monoclonal B-cell lymphocytosis (MBL, see below). Therefore, interpretation of FCM results
in BM samples should be always integrated with clinical findings and BM biopsy analysis.

2

SSCH 1.00)

Normal B-cells

)

CO45 18 523 APC-Cyl A

w ' " S —
w.o v W w w =

n
CO19 1ot 52534 PE-Cy7-4 r.n‘nr’?-‘.; cOM l‘y’.lr{'f‘fhl'i'vf]:;'r‘ COLS G 451 10 PecP.Cod. 5.0

g5
- g z
his :
e B B-ALL
'm‘ L w 'Y_
w oW w0t W . ~ - K - v ~ < .
CDN1SPE-CyT-A N w W e oW " w W W
L binahddmiiin CDIM POCPLOPSSA COI POICP-CYE-5A

A

CO10 FITe
CO1D FITCA

Normal B-Cells

Mibiors Moy P p $
w O w % w N W

”.‘ w
SO Cyd W 16 PECPCrs A CD34 CyS lot 15 PerCP-Cy%-4 CDISAPCA

'
adl.
)
)

CDY0 AITCA
CD)}O PE-A

B-ALL

w
e s

N 3,0 : .
w oW v o Shees "t " w W o W

CO3 PerCP OV 5A CD3BAPC-A COMAPCA

CO PesCP-Crt- 6

FIGURE 2.7. Example of antigen expression in a case of B-precursor lymphoblastic leukemia/lymphoma in comparison to
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normal bone marrow B-cells in a child. Bone marrow samples were analyzed with a six-color MAb panel, FACS-CANTOII
flow cytometer, and Diva software (BD Bioscience). The panel consisted of CD10 FITC/CD20-PE/CD34 PerCp-Cy5.5/CD38-
APC/CD19-PE-CY7/CD45 AmCyan (not shown). To acquire a sufficient number of B-cells, 500,000 events were analyzed on
a normal bone marrow sample and 30,000 cells were acquired on the B-ALL sample. CD19+ B-cells were gated on the
CD19/SS plot. Normal antigen expression patterns are shown in the upper and third row and corresponding plots for the
B-ALL case are shown below (in the second and lower rows). In two lower right plots leukemic cells are found in “empty
spaces,” areas where normal cells are not found (red circles).

B-cell Chronic Lymphatic Leukemia

The characteristicimmunophenotype of chronic lymphatic leukemia (CLL) includes positivity for CD19, CD5, CD23, and
CD200, weak expression of CD20 and Ig light chains, and often expression of IgM with or without IgD. FMC7 (antibody
recognizing one of CD20 epitopes77) is negative or only partially expressed in most cases; CD79b and CD22 are absent or
weakly expressed in the cell membrane (reviewed in Ref. 78). CD11c, CD25, and other markers that recognize adhesion
molecules are variably positive in CLL. CD52 is often included in the panel of markers in CLL diagnosis inasmuch as
Alemtuzumab (anti-CD52) is increasingly used in therapy.”

Monoclonal B-cell Lymphocytosis

Monoclonal B-cell lymphocytosis (MBL) is an asymptomatic hematologic condition defined by the presence of monoclonal
B-lymphocytes detected in PB of persons who do not have CLL, other B-lymphoproliferative disorders, or underlying
conditions such as infectious and autoimmune diseases.* Initial criteria have been based on detection of a monoclonal B-
cell population in the PB with an overall k:A ratio >3:1 or 0.3:1, or >25% of B-cells lacking or expressing low-level surface Ig
in conjunction
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with a specific phenotype.80 Three different types of MBL have been described, defined on the basis of CD19 positivity,
CD5 presence or absence, and CD20 intensity. The most common MBL type is the CLL-like MBL that co-express CD19 and
CD5, and CD23 with dim expression of CD20. The second type is similar to CLL but shows bright CD20 expression. B-cells in
the third type of MBL do not express CD5; these are classified as CD5-MBL or non-CLL-like MBL.* The reported prevalence
depends on the sensitivity of applied FCM methodology. Studies performed using four-color FCM with a sensitivity of
detection commonly used for detection of MRD in patients with CLL (1 clonal cell per 1 x 10° events) showed a 5%
prevalence of CLL-like MBL in adults aged over 60.2% A more recent study, using a much higher sensitivity of FCM,
analyzed 5 x 10° PB cells per individual and identified CLL-like MBL in 12% of all tested subjects and in 20% of adults over
60 years old.® Finding of peripheral MBL should always be correlated with clinical data and interpreted in the absence of
peripheral lymphadenopathy, splenomegaly, and extensive lymphatic bone marrow infiltrates.

Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) cells typically express bright CD20, CD5, FMC7, and bright to moderate slg but lack CD23 and
CD200 (Table 2.7).85’86 However, MCL cases positive for CD23 and negative for FMC7 as well as rare CD5 negative cases
have been found.®”®® Therefore, confirmation of MCL diagnosis by FISH for t(11,14) is recommended. Cyclin D1 expression
can also be detected by FCM®® but this method is not routinely applied in most diagnostic laboratories.

Lymphoplasmacytic Lymphoma and Marginal Zone Lymphoma

These two entities are difficult to differentiate by FCM. The typical immunophenotype findings include the strong
expression of slg and cyt. Ig (IgM in Waldenstroms macroglobulinemia [WM], IgG, or IgA in lymphoplasmacytic lymphoma
[LPL]). The characteristic antigen expression pattern includes: slgD+/- CD19+ CD20+ CD22+ CD79a+ FMC7+CD38+ CD103-
CD5- CD10- CD23-CD25-CD11c+/- CD43+/- CD27+/-.*° A minority of splenic marginal zone lymphoma (SMZL) cases
express CD5, which often correlates with higher WBC.”* However, leukemic presentation of MCL should be excluded.
Some cases are CD23 positive. In LPL, a monotypic plasma cell population that is strongly CD38/CD138 positive and also
positive for CD19 and CD45 can be found.* Splenic diffuse red pulp small B-cell ymphoma cells in blood and BM are
characterized by similar phenotype as given above but are usually CD11c positive.93

TABLE 2.7 FLOW CYTOMETRY IMMUNOPHENOTYPIC FEATURES OF MAJOR B-LINEAGE LYMPHOPROLIFERATIVE
DISORDERS

WHO 2008
Category® CD19 CD20 CD22 CD23 CD10 CDS5 CD1lic CD103 CD25 CD123  slg

66



Wintrobe's Clinical Hematology 13th Edition

CLL +# +d/-  dl- + - + * - + - d
HCL + +b + - -I(+) - + + + + b
HCLv + + + - -(+) - * +(-) - -(+) b
SMZL + + + - - - + -(+) £ - +
MCL + +b + -/(+d) - + - - - - b
FL + + + + + - - - - - +
DLBCL + +H(-) + + + + + -/(+) + - +
BL + + + - + - - - - - +(-)

#BL, Burkitt lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large cell B-
lymphoma; FL, follicular lymphoma; HCL; HCLyv, hairy cell leukemia (v) variant; MCL, mantle cell
lymphoma; SMZL/SLVL, splenic marginal zone lymphoma, splenic lymphoma with villous
lymphocytes. # + = most cases positive, - = most cases negative, + = can be positive or negative, +/(-)
= usually positive, rarely negative, -/(+) = usually negative, rarely positive, d, “dim”, b, “bright.”

Hairy Cell Leukemia and Hairy Cell Leukemia Variant

Both hairy cell leukemia (HCL) and HCLv strongly express CD103, CD11c, CD20, CD22, CD19, and are negative for CD5,
CD23, and in most cases negative for CD38.% HCL cells are often large (can be found in the monocyte region) and are
positive for CD25 and CD123 in contrast to HCLv cells that are smaller and CD25 negative.%’95

Follicular Lymphoma

The follicular lymphoma (FL) cells usually express slg, more frequently IgM +/-1gD than IgG or rarely IgA, together with B-
cell-associated antigens (CD19, CD20, CD22, CD79a, and CD79b), and in most cases CD10. Expression of CD19 and CD22 is
often weaker than in normal B-cells.*®*’ FL cells are usually CD5-, CD43-, and CD23-/+, CD11c-/+. The weaker expression of
CD38 helps to differentiate FL cells from CD10 positive B-cell precursors.

Burkitt Lymphoma

Burkitt lymphoma (BL) cells display often similar phenotype to FL cells (CD19+, CD20+, CD10+), but have bright CD38
expression. The CD23-/FMC7+ immunophenotype have recently been reported as significantly associated with MYC
rearrangement.98 BL cells usually lack CD44 and CD54 expression, which are often expressed in CD10 positive diffuse large
B-cell lymphomas (DLCB).***® So-called double-hit lymphomas with two translocations including MYC [e.g., t(8;14)] and
BCL2 [t(14;18)] or BCL6 (involving chromosome 3qg27), which can present in the leukemic phase, have recently been
shown to display a common phenotype including a marked decrease in expression of CD20 ranging from dim to absent as
compared to normal follicle center B-cells. Other common features of this immunophenotype include positivity for CD10,
variably decreased expression of CD45; and variably increased expression of CD38. In addition, Ig light chain restriction
with decreased intensity or complete absence of light chain expression was noted in these cases.'® The latter cases have
to be tested for nuclear TdT expression and differential diagnosis of B-precursor lymphoblastic leukemia/lymphoma
should be considered.
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Diffuse Large B-cell Lymphoma

Two major subgroups of diffuse large B-cell ymphoma (DLBCL) (germinal center type, usually CD10+, and activated B-cell
type, usually CD10-) have been described. Rare CD5 positive cases have been reported.lOZ Pathologic findings may include
highscatter, low/negative expression of slg, CD20, and CD45 (Fig. 2.7). Recent studies suggested that FCM may improve
prognostic value of BM staging procedures.m’104 However, small populations of pathologic large cells that are easily seen
in BM biopsies may in some cases be difficult to delineate by FCM against a background of reactive BM cells. In staging of
DLCB it is important to analyze high numbers of BM cells to be able to evaluate B-cell light chain slg expression even in
cases where B-cells represent only a minor portion of the BM cell population.

Immunophenotyping of T-Cell Lymphoproliferative Disorders
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FCM detection of aberrant T-cell populations requires good understanding of T-cell biology and knowledge of normal T-
cell subsets (Fig. 2.5). Reactive conditions may cause predominance of some T-cell subpopulation, which can be
interpreted as immunophenotypic “aberrancy.” Also, reactive T-cell populations, particularly in the setting of chronic
stimulation, may comprise a limited number of clonotypes (i.e., are oligoclonal) and therefore are prone to producing
clonal TCR rearrangement results. A characteristic dynamic of CD8+ immune response including CD8+ lymphocytosis with
increase of CD38 and HLA-DR expression in acute phase and expansion of CD57+CD8+ subset in chronic phase was
described in viral infections such as Epstein-Barr virus (EBV) and human immunodeficiency virus (HIV).lOS’106 Chronic
activation of the immune system may lead to an increase of CD8+ cells with NK-markers.'”’

An integrated approach combining morphology, immunophenotyping, and molecular analysis is necessary to differentiate
between reactive and malignant T-cell lymphoproliferations. Immunophenotypic findings in the most common T-cell
lymphoproliferative disorders are summarized in Table 2.8.

T-cell Prolymphocytic Leukemia

Leukemic cells are usually positive for CD7, CD2, CD5, and CD3 although about 20% express cytoplasmic (cyt.CD3) but not
membrane CD3 (mCD3). CD7 negative cases have been reported. T-cell prolymphocytic leukemia (T-PLL) cells are usually
CD4 positive and CD8 negative (60%) but in a fraction of cases T-PLL cells may express both CD4 and CD8, are CD4
negative, and CD8 positive or negative for both CD4 and €D8."%* CD25 and NK-cell markers (CD56, CD57, CD16) as well as
T-precursor-related markers CD1a and TdT are negative.

TABLE 2.8 FLOW CYTOMETRY IMMUNOPHENOTYPIC FINDINGS IN MAJOR CATEGORIES OF MATURE T/NK-CELL NON-
HODGKIN LEUKEMIA/LYMPHOMA

WHO Cyt HLA-

Category® mCD3 CD3 CD4 CD8 CD2 CD5 CD7 CD10 DR CD25 CD56 CD57 CD16

T-PLL +/- + +- - + + + + ) - - + - -- -

ATLL + + + - + + -ld - + + - - -

SS +/d + + - + ) + - (+) - +/- - (+) -- -

AILT +/- + + - +Hd +/d +d + +- - - - -

ALC +/- +-  +/- - (+) +/- - - - +- - + +

LGL + + ) - + + -+ -+ - + - - (+)  ++-

ANKL - - - -+ + - - - -[+ - b -/~ +

HSTCL +/- + - -di++ - (+) + ) - + - -+ - (4)-
[+

PTCL +/- - +- +- + <[+ +- - +/- - +) - +  --

® Diagnostic categories of WHO 2008 classification. AILT, angioimmunoblastic T-cell
lymphoma; ALC, anaplastic large cell lymphoma; ANKL, aggressive NK-cell leukemia; ATLL,
adult T-cell leukemia/lymphoma; HSTCL, hepatosplenic T-cell lymphoma; LGL; T-cell large
granular lymphocyte leukemia; PTCL, peripheral T-cell lymphoma; SS, Sézary syndrome; T-
PLL, T-cell prolymphocytic leukemia.

d (dim), weak positive staining; b (bright) strong positive staining; (+) or (-) some cases positive
or negative.
Adult T-cell Leukemia/Lymphoma

In most patients, adult T-cell leukemia/lymphoma (ATLL) cells express CD2, CD5, CD25, CD45R0, CD29, T-cell receptor af,
and HLA-DR (the phenotype of activated CD4+ memory T-cells). ATLL cells usually lack CD7 and CD26 and exhibit lower
CD3 expression than normal T-cells.'®

Sézary Syndrome
The typical immunophenotype of Sézary Syndrome (SS) cells in blood includes positivity for CD2, CD3, CD4, and CD5. CD7
is expressed in only 50% of patients. Loss of CD3, CD2 and unusually bright CD5 expression has been reported."'° CD8 and
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CD25 are usually negative. Recent studies have shown that Sézary cells have an immunophenotype characteristic for T-
central memory cells (CD4+CD27+ CD26-CD45RA-). By comparison, CD4+ cells in patients with inflammatory erythroderma
are CD27 negative.111

Angioimmunoblastic T-cell Lymphoma

A predominant T-cell population is usually positive for CD2, CD4, CD5, CD7, and CD45 but negative for CD8, CD19, CD20,
CD30, CD38, and CD56. Lack of one or more of the “pan-T” cell markers in a subset of T-cells may be found. Aberrant
expression of CD10 in at least a fraction of CD4+ T-cell population is a characteristic feature.****?

T-cell Large Granular Lymphocyte Leukemia

Most cases of T-cell large granular lymphocyte (T-LGL) leukemia are characterized by an expansion of CD3+ CD8+ TCRaf3 T-
cells. Rarely CD3+CD4+ CD8+ TCRaf or CD4- CD8-TCRyd T-cells may be found. It has recently been shown that leukemic T-
LGLs have CD3+CD8+CD45RA+ CD62L- phenotype consistent with
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effector/memory RA T-cells (TEMRA). Leukemic T-LGLs often express €D57.™ Loss of CD5 and/or CD7 may occur.™®

Correlation of the flow cytometric and molecular genetic results with the other clinical and laboratory findings is critical
before the final diagnosis of T-LGL leukemia is established."™* The level of aberrant T-cell population >2 x 10°/L is the
suggested level for diagnosis of T-LGL leukemia. However, in appropriate clinical settings lower counts (>0.4 x 109/L) may
be compatible with diagnosis.113

Chronic NK-cell proliferations are characterized by CD3-CD56+ and/or CD16+ cells™ (Fig. 2.5). Further information can be
obtained by investigation of expression pattern of killer cell Ig-like receptors (KIRa, CD158) on these cells. These receptors
are encoded by at least two distinct families of genes and gene products, which are members of the Ig gene
superfamily.115 In NK-LGL, approximately one third of cases exhibit restricted expression of a single (or multiple) KIR
isoform. The remaining NK-LGL cases lack detectable expression of the three ubiquitously expressed KIRs, CD158a,
CD158b, and CD158e. The uniform absence of these KIRs on NK cells is aberrant because in normal NK-cell populations,
there are subsets positive for each.”® In contrast to normal NK cells that show variable staining intensity, NK
lymphoproliferations also often show uniform bright expression of CD94 exclusively paired with NKG2A to form an
inhibitory receptor complex. Abnormal loss of CD161 expression is also frequent in NK-LGL."

Aggressive NK-cell Leukemia

The typical immunophenotype in aggressive NK-cell leukemia is: CD2+, CD16+, and CD56+, with loss of CD7 and variable
expression of CD8 and CD57, but blasts are negative for myeloid markers and CD123.1718

Hepatosplenic T-cell Lymphoma

The most common immunophenotype is CD2+, CD3+, CD4-, CD5-, CD7+, CD8-, y6 TCR+, but CD8+ positive cases do occur.
Decreased expression of CD3 and/or CD7 has also been reported. Usually some NK-cell markers (CD56 and/or CD16) are
present. The normal T-cell counterpart for hepatosplenic T-cell ymphoma (HSTCL) is thought to be a functionally
immature cytotoxic yd T-cell of the splenic pool with V61 gene usage. A “variant form” showing a3 TCR+ and similar
clinical features has been described.'™

Immunophenotyping of Plasma Cell Myeloma

Recently, the European Myeloma Network has reported consensus recommendations about the clinical utility of FCM in
multiple myeloma (MM) and other clonal plasma cell (PC)-related disorders and instructions how to apply FCM in a
routine diagnostic Iaboratory.120 Simultaneous assessment of the expression of CD38 and CD138 is recommended as the
best combination of markers for the specific identification of BM PC, due to the bright CD38 and CD138 expression.121 Itis
recommended to acquire at least 100,000 “events” to ensure that at least 3,000 “events” with broad gated
CD38bright/CD138+ characteristics and at least 100 PC are analyzed. At least four-color analysis panels are
recommended."! Clonality of PC should be evaluated by analysis of cytoplasmic Ig expression.122

The most common aberrant features of PC in myeloma in comparison to normal PC are:
e Decreased or absent expression of CD19, CD27, CD38, and CD45
e Overexpression of CD28, CD33, and CD56

e Asynchronous expression of CD20, CD117, and slg™**
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It is important to enumerate the fraction of aberrant PC within the total BM PC population because it has been shown that
in most (>80%) patients with monoclonal gammopathy of unknown significance (MGUS) at least 5% of PC are normal,
whereas in patients with symptomatic myeloma most PC are aberrant.’” The presence of >5% normal PC in patients with
symptomatic MM is of good prognostic significance and patients with MGUS or smoldering myeloma who have <5%
normal PC usually rapidly progress.'”

Immunophenotyping of Acute Leukemia

The use of CD45/SS gating is widely used for the identification of pathologic cells in acute leukemia because blasts usually
appear in a position where only few cells are located in the S5/CD45 dot plots of normal BM (Figs. 2.2 and 2.4). In rare
cases CDA45 is not suitable for gating purposes because of the marked heterogeneity of the leukemic population or the
limited number of blasts present in the hemodiluted sample. In such cases other markers such as CD34, CD117, CD13, or
CD33 may be of help. A good correlation between frequencies of blasts determined by FCM and by morphology has been
reported.124 Lower blast counts by FCM in comparison to percentages of cells with blast morphology in BM smears may be
due to enrichment of blasts in BM fragments (spicules). A possible bias can also be introduced by hematopathologists who
choose “representative” areas of the smear for blast counting or by a relative hemodilution of samples submitted for FCM
analysis.**'* In patients with 220% of blasts in smears required for acute leukemia diagnosis, immunophenotyping gives
information needed for lineage assignment, analysis of the degree of heterogeneity of the abnormal cell population due
to either the existence of different pathologic clones or the presence of cells in different stages of maturation, and further
characterization of aberrant phenotypes for MRD follow-up.

Lineage Assignment and Mixed-Phenotype Acute Leukemias

One of the major changes in the 2008 revision of the WHO classification was to simplify the definition of biphenotypic
acute leukemia (BAL)."*® The new entity of mixed phenotype acute leukemias (MPAL) among leukemias of ambiguous
lineage have been defined."”® The FCM patterns observed in most cases are characterized by co-expression of the markers
on the same cells. In cases of biclonal/bilineal proliferations, two different blast populations can be detected. In other
cases, transitional patterns with only part of the blast population being biphenotypic can be seen."” For the myeloid
lineage, cytoplasmic myeloperoxidase (MPO) detected by cytochemistry, or immunohistochemistry, or by FCM with an
anti-MPO antibody is considered as the most significant marker. FCM allows for the detection of MPO even in some cases
of minimally differentiated acute myeloid leukemia (AML) that are negative by cytochemistry.128 It has to be pointed out
that MPO positivity is not required for myeloid lineage assignment in leukemias that are not MPAL, i.e., that lack B- and T-
lineage-associated markers. To establish differentiation toward monocytic lineage, which may lack MPO, the presence of
nonspecific esterase by cytochemistry, or the detection of surface CD14, CD11c, CD36, CD64 or intracytoplasmic lysozyme
can be used.”” B-lineage assignment is based on CD19 expression. If the CD19 labeling is bright, the presence of another
B-lymphocyte marker is considered enough to establish B-lineage. If CD19 expression is of low intensity, the presence of
two other B-lineage-associated markers will be necessary. Cytoplasmic CD79a, CD22, CD24, CD10, intracytoplasmic u
chains, or (less frequently expressed in MPAL) CD20 or CD21 can be applied. The strongest marker indicating T-lineage is
the
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strong cytoplasmic expression of CD3. The presence of other T-cell-associated markers such as CD2, CD5 or CD7 can add
to the diagnosis of MPAL, although some of these markers can be seen on myeloid cells in AML and MDS.

Acute Myeloid Leukemia

The utility of individual myeloid-associated markers (Table 2.4) for AML diagnosis is limited due to aberrant expression of
these markers in many cases of ALL. Immunologic diagnosis of AML is established by expression of at least two
myeloidassociated markers in the absence of criteria for diagnosis of B-ALL, T-ALL, and MPAL."° Immunophenotyping by
FCM is especially useful in differential diagnosis between ALL and minimally differentiated AML"™! and in diagnosis of
plasmacytoid dendritic cell neoplasms that are characterized by coexpression of bright CD123, bright HLA-DR, CD4, CD56,
and the absence of other lineage-associated markers (MPO-, cyt. CD3-, CD19-).132

Characteristic antigen expression patterns have been associated with AML with recurrent chromosomal abnormalities
(Table 2.9).133 These patterns may help in planning directed FISH or PCR studies in cases with limited material.

TABLE 2.9 IMMUNOPHENOTYPIC PATTERNS ASSOCIATED WITH RECURRENT SPECIFIC CYTOGENETIC ABNORMALITIES IN
LEUKEMIA
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Cytogenetic Abnormality

Characteristic Flow Cytometry Findings

AML

AML

AML

AML

AML

AML

1(8;21) (q22;922), RUNX1-
RUNX1T1

Inv.(16)(p13.1922) or
t(16;16)(p13.1(q22) CBF-
MYH11

£(9;11)(p22;923) MLLT3-
MLL

NPM1 mutated

Inv.(3)(q21;926.2) or
t(3;3)(921;026.2) RPN1-
EVI1

t(6,9)(p23;q34) DEK-
NUP214

AMKL t(1;22)(p13;q13) RBM15-

APL

ALL
(B)
ALL
(B)
ALL
(B)
ALL
(B)
ALL

MKL1

t(15:17)(q22;912) PML-
RARG

t(4;11)(g21;923) AF4-MLL

£(9;22)(g34:911.2) BCR-
ABL1

t(12;21)(p12;922) TEL-
AML1

hyperdiploid

t(1;19)(g23;p13.3) TCF3-

At least a fraction of blasts with CD34™™ often co-expressing
CD19 and TdT but not CD10

Granulocytic differentiation (CD13, CD33, MPO and CD15),
aberrant expression of CD56 common

No monocytic differentiation

Distinct populations of blasts, granulocytic and monocytic (CD14,
CD4, CD64) precursors

Co-expression of CD34 and CD64 common

Eosinophils can be delineated by high SS and low FS than
neutrophils and CD16 neg

Often CD2 on blasts and precursors
MADb 7.1 positivity

Monocytic differentiation (HLA-DR, CD4dim, CD11b, CD13,
CD15, CD36, CD33, and CD64)

Most often blasts CD34-, often HLA-DR-, CD117+, CD123+,
CD33""", CD110+

Show granulocytic differentiation (CD15+)

Monocytic differentiation in 30% of cases

Some cases only CD33 """ and MPO """ with no differentiation
Positive for CD34, CD117, CD13, CD33, HLA-DR, and MPO

CD9+, CD13+, CD33+, CD117+, and HLA-DR+, May be CD34-
at presentation but CD34+ at relapse

Basophils are often increased (CD123++, HLA-DR-)

Megakaryocytic differentiation CD41+, CD61+ often together
with CD34, HLA-DR

Hypergranular: most cases CD34-, HLA-DR-, CD11b-, CD11c-,
CD117+, MPO+, CD33 """ CD13 heterogenous,CD15-/4™,
Hypogranular: often CD2+, subsets positive for CD34 and/or
HLA-DR present

CD34+, CD19+, CD10-, CD20-, CD13 and/or CD33 may be
positive, often CD15 and/or CD65+, 7.1+, cyt.IgM-

CD34++, CD19+, CD10+, CD20-/+, CD13, CD33, CD66c often
positive, CD15-, CD65-, 7.1-, cyt.IgM-

CD34+ or -, CD19+, CD10+, CD20-/+, CD13, and/or CD33 often
positive, CD66¢c-, CD15-, CD65-, 7.1-, cyt.IgM-

CD34+ or subset, CD19+, CD10+++, CD123++, CD20-/+, CD13-,
CD33-, CD66¢-/+, CD15-, CD65-, 7.1-, cyt.IgM-

CD34- or subset, CD19+, CD10- or subset, CD20+, CD13-,CD33-
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(B) PBX1 CD66c-/+, CD15-, CD65-, 7.1-, cyt.IgM+

ALL FLT3 activating mutation  Expression of CD117

(T

Several attempts at immunologic classification of AML have been published, however showing limited clinical utility.
and **® Most prognostic implications are most probably due to immunophenotypes reflecting underlying genetic
aberrancies. However, due to the genetic complexity of AML clear-cut correlations are difficult to establish. Even in
homogeneous and genetically not complex groups of AML categories such as AML with normal karyotype, NPM1
mutation, and lack of FLT3 mutation, immunophenotypic heterogeneity for some markers such as CD56 expression was
demonstrated."’

134,135

In general, immunophenotypic patterns of AML (Fig. 2.4) can be described as less differentiated (blastic) or as showing
signs of maturation toward one or several lineages. Consequently AML can show one single or two or more populations of
malignant cells. AML showing maturation toward granulocytic lineage usually displays (at least on a fraction of cells)
markers associated with myeloid immaturity (CD34 and CD117) combined with variable expression of other myeloid
lineage (CD13 and/or CD33) and positivity for markers associated with granulocytic maturation such as CD15 and/or CD65
(again, at least on a fraction of cells). AMLs with myelomonocytic differentiation also display a population of cells
demonstrating expression of CD14, co-expression of CD36 and CD64, or bright expression of CD33, CD4, CD11b,
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and/or CD11c. By contrast, acute monoblastic and monocytic leukemias usually show a single population of aberrant cells
with evidence of monocytic differentiation (bright CD36, CD64, CD14, and/or CD4), which are usually CD34 and/or CD117
positive. Positivity for megakaryocytic [CD41a, CD42b, and CD61] or erythroid lineage involvement [glycophorin A, CD36,
CD71++] must be interpreted cautiously inasmuch as the possible adherence of platelets or red cell membrane fragments
to the blast cells may lead to unspecific positivity and misclassification. Correlation with morphologic and
immunohistochemical findings is necessary. The rare cases of acute basophilic leukemia reported have shown expression
of common myeloid antigens such as CD13 and CD33, as well as CD9, CD11b, CD22, and CD123.1381%

Using modern FCM, aberrant phenotypes (also called leukemiaassociated immunophenotypes, LAIP) can be detected in
>90% of patients with AML.**! For correct interpretation of follow-up samples and detection of MRD, the
immunophenotypic pattern of diagnostic sample and thorough knowledge of immunophenotype of various cell

. . . . 25 . . .
populations in normal and regenerating BM is necessary.”” Most approaches used in reported studies included
construction of patient-specific panels dependent on immunophenotype at diagnosis.léu‘l“'a’144 New 8-10 color approaches
rely on common comprehensive panels applied at both diagnosis and follow-up, allowing detection of aberrant cells in
most patients using sequential gating strategy.”s’146

Acute Lymphoblastic Leukemia

Leukemic cells in ALL clearly disclose their belonging to a B- or T-cell lineage. As in AML, specificimmunophenotypes in ALL
have been associated with major groups of chromosomal aberrations (Table 2.9).

B-lymphoblastic leukemia/lymphoma (or B-ALL) is characterized by expression of CD19, HLA-DR, and TdT together with
several B-cell markers such as membrane and/or cytoplasmic CD22 and cyt. CD79a. In many cases, CD45 is negative. Five
immunologic subtypes, roughly corresponding to sequential stages of B-cell differentiation have been recognized.
However, thegé(ilsétéence of CD10 negative normal early B-cell progenitors is controversial. B-ALL can be immunologically
classified into™ """

e B I/Pro-B/Early B: CD10- CD20-, cylgM-, slg-

e B ll/common/Early B: CD10+, CD20+/-, cyt. IgM-, slg-

e BIll/Pre-B: CD10+, CD20+/-, cyt IgM+, slg-

e BIll/Pre-B/B (very rare): CD10+, CD20+/-, cyt. IgM+, slg+ (k or A-)
e B IV/B-mature: Tdt+/-, CD10+/-, CD20+4, cyt. IgM-, Sig+ (k or A-).

T-cell lineage in T-lymphoblastic leukemia/lymphoma (or T-ALL) is established by expression of cyt. CD3, TdT,"*’ and CD7,

which is found in most cases.>® Other T-cell-associated markers are variably expressed. In some cases, weak expression of
cyt CD79b has been reported.** There is no clear consensus concerning immunologic classification of T-ALL. The European
Group for the Immunologic Classification of Leukemia (EGIL) classification included:
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e pro-T (or T-I) positive for only CD7
e  Pre-T (or T-ll) positive for CD2 and/or CD5 and/or CD8

e  Cortical T (or T-Ill) positive for CD1a (irrespective of other markers)

e  Mature T (T-IV) positive for surface CD3 and negative for CD1a (irrespective of other markers)™

An early T-precursor subtype, characterized by an aggressive clinical course and carrying immunophenotype associated
with early T-cell precursors (ETPs) has recently been identified.'* ETPs are a subset of thymocytes that recently migrated
from the BM to the thymus; they retain multilineage differentiation potential, suggesting their direct derivation from
hematopoietic stem cells. The immunophenotype of ETP subtype of T-ALL includes a lack of CD1a and CDS8, very weak or
negative CD5, and expression of one or more early precursor or myeloid-associated markers: CD117, CD34, HLA-DR, CD13,
CD33, CD11b, and/or CD65.**

In >95% of both B- and T-ALL cases, leukemic blasts display aberrant immunophenotypes that allow us to distinguish them
from normal B-cell precursors (Fig. 2.7) and normal bone marrow T-cells.***° MRD detection by FCM is well established
and already included in some clinical trials.”™" Characteristic immunophenotypes must be identified at diagnosis for each
patient by comparing the cell marker profile of leukemic blasts to that of normal and regenerating bone marrow samples.
Transient changes in immunophenotypes of residual leukemic cells have been reported, but some aberrant features are
usually retained.' Sensitivity of MRD detection at 0.01% can be achieved, provided that sufficient numbers of cells are
analyzed (5 to 10 x 10°) in each antibody combination.

Myelodysplastic Syndromes and Chronic Myelomonocytic Leukemia

Although several authors described various aberrant immunophenotypic features in the bone marrow of patients with
MDS, the WHO 2008 classification recommended that, only if three or more phenotypic abnormalities are found involving
one or more of the myeloid lineages, the aberrant FCM findings can be considered as suggestive of MDS.**
Standardization efforts concerning FCM diagnostics in MDS were started under the auspices of the European Leukemia
Network's Work Packages 8 (MDS) and 10 (Diagnostics) (www.leukemia-net.org). The report resulting from the first
International Workshop on Standardization of FCM in MDS reached consensus concerning standard methods for cell
sampling, handling, and processing.125 As well, it was recommended that standards be set that would define a minimum
panel of antibody combinations, which could provide effective characterization of aberrant immunophenotypes.125 These
minimal criteria have been further refined as a result of the second and third workshops.154 During all three workshops it
was stressed that FCM results should not be reported alone but rather as a part of an integrated MDS diagnostic
approach.

A detailed knowledge of normal immunophenotypes of BM cells is necessary for evaluation of aberrant features
suggestive of MDS. Findings in CMML are similar to those described in MDS, the high numbers of monocytes and
monocytic precursors being the main difference. Some of most important immunophenotypic characteristics of dysplasia
are summarized below.

Progenitor cells: Both lymphoid and myeloid progenitor cells are found in the CD45dim/SS low region (Fig. 2.2). A large
study by Kern et al. found a very good correlation between numbers of blasts counted by morphology and FCM in MDS
patients.155 Several authors consider 3% of blasts as a significant limit for increased blast number in the bone marrow.'>?
Regardless of the numbers, aberrant phenotypes of blasts give very important diagnostic information."*® Of note, the
CD34+CD38- cell population, which is responsible for the long-term repopulating activity in human stem cells s often
increased in MDS patients.‘B’157 This cell population has also been recognized as the leukemic stem cell compartment in
acute myeloid leukemia (AML) and displays aberrant phenotypes in MDs. 2%

Maturing myeloid compartment: The most consistently reported aberration of the maturing myeloid cell compartment is
the lower SS that is due to lower than normal granularity seen also by morphology in BM smears. The aberrant maturation
patterns detected using CD13 and CD16 and/or CD13 and CD11b MAb combinations, altered expression of CD45, CD33,
asynchronous expression of CD34, expression of lineage infidelity markers such as CD2, CD7, and CD56 are the frequently
reported
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changes.153 However, it has to be pointed out that various aberrant features observed in MDS patients can occasionally be
found in patients with nonclonal cytopenias and some authors suggest that aberrant FCM findings in the immature
precursor population are more specific for MDS than those in maturing granulopoietic cells. "
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Monocytes: The numbers of monocytes in BM and PB of MDS patients are usually not increased, but this population may
show aberrant features in approximately 25% of patients.**>*®® The finding of two or more aberrant features is very rare in
reactive monocytes.'®" Aberrant features described in MDS are similar to those found in CMML.'®! Increased expression of
CD56 is most frequently reported. However, this feature is not specific for MDS and could be found in 9% of patients with
nonclonal cytopenia and after growth-factor treatment.”>** Findings that were only rarely found in monocytes from
patients with reactive monocytosis are: decreased expression of CD13, CD11b, CD43, and/or HLA-DR, and aberrant
expression of CD2.1%%%%*

Erythropoietic cells: The erythropoietic fraction is often increased in MDS patients.'®® Asynchronous aberrant expression
of the three markers CD71 (transferrin receptor), CD45, and CD235a (glycophorin A) was detected in 20% to 77% of MDS
patients in various studies.’®*>**>'®® The most often observed feature is a decreased CD71 expression in CD235a positive
erythropoietic precursors. However, FCM signs of erythropoietic dysplasia have also been found in single patients with
hemolytic anemia and aplastic anemia (AA).>5%

Lymphoid Cells

B-cell lymphoid progenitors (CD19+/CD10+/CD34+) are usually markedly diminished or absent in MDS bone
marrows,>>'6%16>166.167:168 5 4 19 This has recently been confirmed by multicenter studies, in which FCM files have been
obtained using different flow cytometers and antibody combinations. Files have been analyzed in a standardized way to
validate a simple model to distinguish International Prognostic Scoring System (IPSS) low-risk MDS from nonclonal
cytopenias.lss’170 Analysis of the mature B-cell compartment should be carried out to exclude underlying B-cell

125,22
lymphoma.

Myeloproliferative Neoplasms

In chronic myelogenous leukemia (CML) reported abnormalities include aberrant expression of CD56 on blasts and
myeloid cells,'”* decreased CD16 on granulocytes,”’” decreased L-(CD62L) and P-selectin (CD62P) expression on CD34+
cells,”>*"* and aberrant expression of lymphoid antigens such as CD2, CD5, and CD7 on the blasts in CML blast crisis.””® In
non-CML MPN, the most common changes were aberrant expression of CD13, CD33, HLA-DR, and/or CD16 on maturing
granulopoietic precursors. BM eosinophils, identified by expression of relatively bright CD11b, CD13, CD15, and CD45,
without CD16, are expanded markedly in the patients with putative chronic eosinophilic leukemia. A higher rate of
basophils with abnormal immunophenotype was also detected in different MPNs.

Increased CD56 expression and small size of granulocytes as measured by FS were described in primary myeloﬁbrosis.177

Increase of cells in the blast gate and emerging aberrant phenotypes in the blast population herald transformation to
AML.

OTHER APPLICATIONS OF FLOW CYTOMETRY IN HEMATOLOGY
Paroxysmal Nocturnal Hemoglobinuria

FCM is a standard method for diagnosis of paroxysmal nocturnal hemoglobinuria (PNH). In PNH, the somatic mutation of
the X-linked phosphatidylinositol glycan complementation Class A (PIGA) gene causes a partial or absolute inability to
make GPl-anchored proteins. Antigens such as CD55, CD58, CD59, CD14, CD16, and CD24 are affected. The channel-
forming toxin aerolysin and its preform pro-aerolysin bind selectively and with high affinity to GPl anchor. An inactive
aerolysin variant conjugated with Alexa Fluor 488 (FLAER-A) is now widely used to detect GPI-anchor-deficient cell
populations.m’179 Current guidelines include a combination of CD235a-FITC and CD59-PE for detection of GPI-deficient
RBC, FLAER-A/CD24-PE/CD15-PECYy5/CD45-PECy7 for detection of GPI-deficient granulocytes, and FLAER-A/CD14-
PE/CD64-PECy5/CD45-PECy7 for GPI-deficient monocytes 180 (Fig. 2.8). High-resolution assays allow detection of GPI-
deficient RBC at sensitivity level 10-> and GPI-deficient WBC at 10-4,"*° which has been noted in patients with aplastic
anemia and MDS.

Red Blood Cell Analysis

Clinical application of FCM to study erythropoiesis and nonclonal RBC disorders has been reviewed by Chesney et al.. ™™

Enumeration of reticulocytes and detection of hemoglobin F (HbF) positive erythrocytes are briefly summarized below.
Reticulocyte Enumeration

Several RNA dyes may be applied in hematology analyzers and flow cytometers to enumerate reticulocytes (e.g., Oxazine
750, CD4K 530, New Methylene Blue, Auramine O, and Thiazole Orange [TO]). Dyes show differing sensitivities to stain the
RNA of reticulocytes. Various analyzers use different technologies to identify positive cells (fluorescence, light scattering,
absorbance), and the software that is more or less capable of separating reticulocytes from erythrocytes (because there is
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a physiologic continuum between these populations) and from other cells, such as platelets or nucleated RBCs.™®

Fluorescence intensity will depend on the RNA content and is correlated to reticulocyte maturity. The immature
reticulocyte fraction (the sum of reticulocyte fractions with medium and high fluorescence) gives information on activity
of erythropoiesis.*** TO can also be applied together with CD59-PE for detection of GPI-deficient reticulocytes, which may
be of advantage in transfused PNH patients."®*

Hemoglobin F (Fetal-Maternal Hemorrhage and Sickle Cell Anemia)

Fetal-maternal hemorrhage from a rhesus factor positive (Rh+) fetus to an Rh-mother may lead to immunization of the
mother against fetal alloantigens. Therefore, standard clinical practice is to administer Rh immune globulin to all Rh-
women at 28 weeks of gestation and within 72 h of delivery of an Rh+ infant. Measurement of the amount of HbF in the
maternal circulation helps to determine the amount of Rh immune globulin to administer. FCM method for fetal-maternal
hemorrhage detection uses a fluorochrome conjugated anti-HbF MADb to detect HbF inside permeabilized RBCs.'® Weakly
positive red cells (termed F cells) may be found in genetic disorders such as hereditary persistence of fetal hemoglobin
(HPFH), sickle cell anemia, and thalassemia major. In patients with sickle cell anemia treated with hydroxyurea, monitoring
the percentages of F cells can be applied to determine treatment efficacy.186

Fetal cells can be distinguished from F cells by much higher fluorescence intensity. Adequate gating is necessary to
determine the percentage of fetal cells in the mother's RBCs, where only the “bright” cluster is considered as fetal cells. In
order to determine the quantity of fetal hemorrhage (in ml of fetal blood) the percentage of fetal RBC is multiplied by a
factor of 50 (assuming that maternal blood volume is 5.0 L)."**
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FIGURE 2.8. Enumeration of blood for markers associated with paroxysmal nocturnal hemoglobinuria (PNH). Upper row:
the red blood cell (RBC) assay using CD23a-FITC/CD59-PE staining. RBCs are gated on FS and SS (R1, Upper left plot) and
displayed on FCS versus CD235a-FITC plot (upper middle). CD235a positive RBCs are gated (R2). RBCs from region R1 + R2
are analyzed for CD59 expression (right upper plot). Normal RBCs (CD59 bright) are in region I. RBCs with PNH-related
phenotypes (i.e., with CD59dim expression or CD59 negative) are in regions Il and Ill, respectively. Middle and lower row:
white blood cell (WBC assay) using staining with FLAER, CD24PE, CD15PECy5, and CD45PECy7. Light scatter voltages were
established so that all nucleated cells were visible above the forward scatter threshold (middle left) and debris was
excluded with a combination of light scatter and CD45 gating (middle plot). CD45+ events were displayed on CD15 versus
SS plot (middle right plot) and granulocytes (bright CD15, high SS), monocytes (dim CD15 and intermediate SS) and
lymphocytes (CD15-negative, low SS) were gated. Each of these populations was displayed on a FLAER versus CD24 plot
(bottom row). PNH granulocytes (FLAER-negative, CD24-negative) were enumerated in the bottom right plot (lower left
guadrant). Normal granulocytes were enumerated in the upper right quadrant. Gated monocytes were similarly displayed
(bottom row middle) and the PNH monocytes (FLAER-negative, CD24-negative) were enumerated in the lower left
guadrant. Gated lymphocytes (bottom row left) were assessed for PNH phenotypes in the lower left quadrant. Normal T-
lymphocytes (FLAER+, CD24-negative) are visible in the lower right quadrant and normal B-lymphocytes (FLAER+, CD24+)
are visible in the upper right quadrant. (Courtesy of Dr. D. Robert Sutherland, Laboratory Medicine Program, University
Health Network, Toronto General Hospital, Toronto, Ontario, Canada.)

Analysis of Platelets
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FCM analysis of platelets is usually performed on whole blood drawn into 3.2% to 3.8% citrate anticoagulant. Other
anticoagulants can also be applied for platelet enumeration but EDTA and heparin are not recommended for analysis of
platelet activation or activity due to interference with glycoprotein (GP) lib-llla complex. Blood samples should not be
subjected to cold and should be processed within 15 min of drawing. Platelets can be
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differentiated from other blood cells by their FS and SS properties and/or expression of platelet-specific antigens (e.g.,
CD41, CD42, or CD61). FCM analysis of platelets can help to establish a diagnosis of specific platelet disorders (reviewed in
Ref. 187) such as:

e Bernard-Soulier syndrome, inherited deficiency of the GPIb-IX-V complex, where decreased expression of GPlb
(CD42b), GPIX (CD42a), and GPV (CD42d) is noted

e Glanzmann thrombasthenia, inherited deficiency of integrin allbB3, where aberrant expression of CD41 (GPllb)
and CD61 (GPIlla) is found

e Dense granule storage pool deficiency can be detected by studying uptake and release of mepacrine as
fluorescent marker '

e von Willebrand disease where the FCM method is used for the determination of the von Willebrand factor (VWF)
activity, utilizing formalin-fixed platelets, FITC-conjugated chicken anti-VWF antibodies (Fab-fragments), and PE-
conjugated anti-GPlIb/llla antibodies.'®

Immature platelets (also called reticulated platelets) may be identified using TO dye. This method can be applied to
differentiate regenerative versus nonregenerative thrombocytopenia and assess regeneration after BM transplant. 190

Several antibodies bind to activated but not to resting platelets (activation-dependent antibodies). Markers of platelet
activation include PAC1 (detecting conformational changes in integrin al,,Bs), CD62P (P-selectin), and formation of
platelet-derived microparticles (PMPs). Measurements of platelet activation by FCM may assist in diagnosis and treatment
of acute coronary syndromes, acute cerebrovascular ischemia, and several other conditions. Studies of platelet activation
have also been widely employed in monitoring of specific anti-platelet therapies (reviewed in Ref. 187).

Heparin-induced Thrombocytopenia

Heparin-induced thrombocytopenia (HIT) is a rare but potentially serious complication of heparin use. Prompt diagnosis is
crucial and requires the integration of clinical assessment and laboratory testing. FCM detection of leukocyte-platelet
aggregates (defined as events positive for both the presence of CD45 and platelet glycoprotein Ilb) as a marker of platelet
activation with different heparin concentrations, using plasma from HIT-positive patients detected leukocyte-platelet
aggregates in 75% of HIT-positive patients, and correlated with levels of anti-H-PF4 antibodies. An FCM-based platelet
microparticle generation assay as a marker of platelet activation in HIT has also been described. Platelet microparticles
ranged in size from 0.5 to 1.0 um, and were also defined by the expression of platelet glycoprotein Ib, CD41, and annexin
V. However, another FCM-based functional assay measuring CD62 has been reported as a more reliable marker of platelet
activation as a result of the presence of pathogenic H-PF4 antibodies than the procoagulant phospholipid annexin V
(reviewed in Ref. 191).

STEM CELL TRANSPLANTATION
CD34+ Cell Enumeration

Enumeration of CD34+ cells is an essential tool for peripheral blood stem cell (PBSC) harvest, providing a rapid assessment
of graft adequacy.192 Most transplant centers determine graft adequacy based on the number of CD34+ cells/Kg of patient
body weight. Mobilization of PBSC is typically done using granulocyte colony stimulating factor (G-CSF) alone or in
combination with chemotherapy. Peripheral blood (PB)-CD34+ counts have been shown to correlate with PB-CD34
apheresis collections and have been utilized to decide when apheresis should start. Mobilization success is influenced by
several factors such as prior therapy, mobilization strategy, and underlying disease. Clinical guidelines for CD34+ cell
guantitation in peripheral blood and PBSC for the International Society for Hematotherapy and Graft Engineering (ISHAGE)
based CD34+ cell enumeration on four parameters: FS, SS, CD45, and CD34 staining intensity.193 A viability dye 7-amino
actinomycin D (7-AAD) and fluorescent counting beads were subsequently added to create a single platform assay (Fig.
2.9) and to avoid potential calculation errors from using FCM and hematology analyzer.194 UK-NEQUAS surveys showed
that methodology is still in need of standardization and that several laboratories did not perform the gating correctly.™
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New flow cytometers allowing direct volumetric cell analyses (CD34+ cells/pL) and quantitation without the need of the
beads has recently been introduced and shown to give comparable results as the standard single platform protocol.™®

Human Leukocyte Antigen Antibody Detection

The primary goal of human leukocyte antigen (HLA) antibody testing for transplant patients is to assess potential risk for
graft rejection. The selection of a matched donor and appropriate post-transplant treatment is determined by patient HLA
antibody status. Post-transplant formation of antibodies against HLA Class | and Il antigens heralds graft rejection. FCM
cross-match (FCXM), introduced in the 1980s, involves incubation of purified donor mononuclear cells with the patient's
serum and subsequent detection of cell-bound antibodies by fluorochrome-conjugated antihuman Ig serum (reviewed in
Ref. 197). By varying the type of secondary antibody, the isotype of antibody (IgG, IgM, or IgA) can be determined, and by
adding MAbs to B- and T-associated markers, reactivity in B- and T-lymphocytes can be evaluated separately.

Solid-phase immunobinding assays utilized purified HLA proteins as targets. Beads that can be identified by a unique level
of fluorescence are coated with HLA class | or Il proteins to create a screening pool of HLA antigens. By using multiple
different phenotypes distributed over several arrays, patient-specific HLA specificities can be determined (reviewed in Ref.
197). However, these assays are every cumbersome and require up to 15 tubes per patient. Recently, a new type of FCM
platform (Luminex Corp, Austin, TX, USA) has been developed that allows up to 100 individual beads to be evaluated in a
single multiplexed assay. Each bead has a unique fluorescent signature and is coated by a different antigen. A PE-
conjugated antihuman IgG is used to detect the binding of patient serum to the beads. However, a fraction of patients
display very broadly reactive HLA antibodies making all beads positive. Introduction of recombinant technology and
coating the beads with single HLA antigens make it possible to clearly delineate the antibody reactivity of each patient
(reviewed in Ref. 197). Combination of the highly sensitive antibody assessment with FCXM contributes to better selection
of donor/recipient pairs and better transplant outcomes.

SOME APPLICATIONS OF FLOW CYTOMETRY IN IMMUNODEFICIENCY, AUTOIMMUNE, AND INFECTIOUS DISEASES
Primary Immunodeficiency Diseases

198

Over 200 primary immunodeficiency diseases (PIDs) have been clinically identified.”™™ The majority of PIDs have an

abnormality that could be detected by FCM assay, such as:
e Mutations in genes that affect the relative representation of a specific cell subset

P.41
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FIGURE 2.9. Enumeration of viable CD34+ cells according to ISHAGE protocol. An apheresis sample that had been
stored overnight at room temperature was stained with the Stem-Kit reagent set and analyzed on a BD
Biosciences FACSCalibur cytometer equipped with CellQuest . Viable CD34+ cells were identified using Boolean
gating and regions R1 through R4 (all upper plots and left middle row plots), including only viable (7-AAD-) cells
from region R8 (right lower row plot). Viable lymphocytes from region R5 (left upper plot) and R8 are displayed
on left middle plot and the duplicate blast-lymphocyte region R4 adjusted to include the smallest viable
lymphocytes. Duplicate gating region R4 on plot 4 self-adjusts accordingly. Middle plot shows the position of a
“live” gate in the bottom left corner, which excludes debris resulting from lyse-no-wash sample processing of PB,
CB, and BM sample types. The number of CD34+ cells in region R4 is compared with the total number of singlet
beads counted during the same acquisition and present in the same listmode file. In the example shown, total
beads are gated in region R6 in the middle plot and displayed in the left lower plot (time versus forward scatter).
Singlet beads are then delineated and enumerated in gating region R7. Sample analysis was performed using
Cellquest Pro" software using semi-automated Expression Editors. For earlier versions of Cellquest, the absolute
number of viable CD34+ cells/pl is calculated as follows:
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#CD34 + cells x bead concentration x DF
# singlet beads

where #CD34+ cells are determined from logical gate G4 (vCD34 in gate stats = R1+R2+R3+R4+R8), the bead
concentration is specified by the manufacturer, DF is the sample dilution factor, and the singlet bead count is
determined from plot 7 (singlet beads in gate stats = R6 + R7). The right lower plot shows the total CD34+ cells
(viable and nonviable) from gating regions R1 + R2 + R3 only and shows viable cells onscale in about the first
decade of fluorescence. This plot is useful when samples with poor viability are to be analyzed as it is easier to set
region R8 in this plot versus the middle lower plot. Additionally, it shows that the fluorescence compensation
between PMT 2 (CD34PE) and PMT 3 (7-AAD) is optimally set. (Courtesy of Dr. D. Robert Sutherland, Laboratory
Medicine Program, University Health Network, Toronto General Hospital, Toronto, Ontario, Canada.)
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e Mutations in genes that affect the expression of a specific antigen
e Mutations in genes that affect a particular cell function

Routine immunophenotyping of blood lymphocyte subsets, detection of CD154 up-regulation, and oxidative burst assay
for the screening diagnosis of granulomatous diseases are most commonly employed FCM assays in PID diagnosis
(reviewed in Ref. 199). FCM findings in the most common PID categories are summarized in Table 2.10 (reviewed in Ref.
200).

Flow Cytometry Detection of HLA-B27

HLA-B27, an MHC class | molecule is related to a major risk factor for a group of diseases now called spondyloarthritis that
consists of consists of psoriatic arthritis, reactive arthritis, arthritis related to inflammatory bowel disease, a subgroup of
juvenile idiopathic arthritis, and ankylosing spondylitis [the prototype of spondyloarthritis 2911 This association is present
in many genetically diverse populations and across all major HLA-B27 subtypes.

The presence of HLA-B27 in 80% to 90% of patients with ankylosing spondylitis and the spontaneous spondyloarthritis-like
disease in HLA-B27 transgenic rats suggests a direct and dominant effect of the gene encoding this molecule. However,
only a small proportion of people in the general population who harbor HLA-B27 (5% to 6% in Caucasians) develop
ankylosing spondylitis, and HLA-B27 explains only 20% to 40% of the genetic susceptibility to ankylosing spondylitis,
suggesting the contribution of additional genes. Genomewide association studies (GWASs) have allowed the identification
of several of these additional genes. HLA-B27 typing using MAbs and FCM analysis of their reactivity in a gated T-cell
population is used extensively. However, the cross-reactivity of anti-“B27”murine MAbs, particularly with the common
HLA-B7 antigen has been a problem. Recently a one-tube test, employing two “B27” MAb reagents, has been
developed.202 This test securely detects the HLA-B"27 allele product B*2705, B*2702, and B2708 and reacts with many of
the other rare B27 allele products tested. In addition, other HLAB antigens, notably HLAB7, do not interfere with accurate
HLA-B27 assignment. However, even when using the recommended dual anti-B27 typing reagents, patients reacting with
one antibody only should be retested using a DNA-based technique.

TABLE 2.10 FLOW CYTOMETRY (FCM) IN THE DIAGNOSIS OF MAJOR PRIMARY IMMUNE DEFICIENCY
Primary Immune Deficiency Type FCM Findings

Congenital agammaglobulinemia X-linked Absence (or very low numbers) of CD20+ and/or CD19+
(XLA) B-lymphocytes

Absence of intracellular Bruton tyrosine kinase (BTK) in
monocytes and platelets

Common variable immunodeficiency Expansion of CD21'"
(CVID)

B-cells
Absence of memory switched B-cells
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Severe combined immune deficiency
(SCID)

Hyper IgM syndromes

Wiscott Aldrich syndrome (WAS)

Lack of inducible costimulator (ICOS) up-regulation on T-
cells following activation

CD19 deficiency (in presence of CD20)

B-cell activating factor-receptor (BAFF-R) deficiency
Wide range of defects:

Adenosine deaminase deficiency: lack of T-, B-, NK-cells
Janus kinase 3 deficiency: lack of T- and NK-cells
RAGL1/2 deficiency: lack of T- and B-cells

CD39, ¢ or { deficiency: lack of T-cells

Decrease of CD40 and/or CD40 ligand (CD154) expression
on activated CD4+ cells

Decrease of CD8+ cells and increase of NK-cells
Decreased expression of WAS protein

Defects in the interleukin-12/23-Interferon- Aberrant expression of IL-12 receptor 1 and interferon

y circuit
Toll-like receptor pathway defects

Chronic granulomatous disease

Leukocyte adhesion deficiency type 1
(LAD1)

Immune dysregulation,

(IFN)-y receptorl

Absence of shedding of CD62L from the surface of
granulocytes

Low results of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity assay following
granulocyte activation

Decreased or absent CD11a, CD11b, CD11c, and CD18 on
granulocytes

Decreased/absent factor forkhead box protein 3 (FOXP3)

polyendocrinopathy, enteropathy, X-linked expression in T-cells

inheritance syndrome

Autoimmune lymphoproliferative
syndrome

Elevated levels of CD4-CD8- (double
negative) T-cell receptor a/f positive T-
cells

Low memory B-cells
(CD20+CD27+)[en]Increased
CD8+CD57+ T-cells

X-linked lymphoproliferative syndrome

Familial hemophagocytic
lymphohistiocytosis

Human Immunodeficiency Virus Infection

Very low numbers of NK T-cells
CD3+CD16+CD56+Va24+Vp11+

Decreased/absent signaling lymphocyte activation molecule
(SLAM)-associated protein (SAP) or X-linked inhibitor of
apoptosis (XIAP) protein

Defects in expression of perforin, syntaxin-11
Diminished expression of CD107 on NK-cells
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FCM studies provide important clinical information that helps predict disease outcome and guide treatment decisions in
HIV+ patients. CD4+ T-cell counts are, together with viral load, the strongest predictors of disease progression. Single
platform technology (SPT) is designed to enable determinations of both absolute and percentage lymphocyte subset
values using a single tube. Previously, most absolute T-cell numbers were derived from three measurements determined
with two different instruments, a hematology analyzer and a flow cytometer (dual-platform technology [DPT]). A gating
strategy for identifying lymphocytes using CD45 fluorescence and side-scattering characteristics is now the preferred
method for identifying lymphocytes. The preferred
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four-color panel includes CD45, CD3, CD4, and CD8. Commercial bead-counting reagents for SPT have resulted in
decreased interlaboratory variability. A single tube model can easily be employed even in countries with limited

200
resources.

However, CD4+ T-cell counts do not fully capture an individual's risk for disease progression. A substantial proportion of
patients with more than 350 CD4+ T-cells/uL in blood (the current threshold for treatment initiation) will progress to AIDS
within only 3 years. Only a few markers that could identify, early in disease, more HIV+ individuals at risk for rapid disease
progression have been reported. For example, in the setting of early HIV disease, the ability of Ki-67 to predict disease
progression independently of CD4+ T-cell count or viral load was recently recognized. Similarly, in the setting of chronic
infection, CD38 expression is a CD4 count- and viral load-independent predictor of disease outcome (reviewed in Ref.
203). FCM studies have greatly contributed to the understanding of HIV pathogenesis. Coreceptors for the virus have been
identified: CCR5 in memory T-cells and CXCR4 in CD4+ T-cells. Loss of CD4+ cells is accompanied by T-cell activation
(shown by expression of CD38, HLA-DR, and CD69) and by an increase of senescent CD8+ cells (CD28-) with high cytolytic
activity (CD57+, perforin+). Naive and central memory T-cells are progressively depleted (reviewed in Ref. 203).

Analysis of Antigen-Specific T-cells

FCM detection of antigen-specific T-cells became possible by the development of fluorochrome-labeled MHC-peptide
complex (so-called tetramers) technology. MHC class | tetramers usually consist of four MHC class | glycoproteins loaded
with peptide and labeled with streptavidin bound to a fluorochrome (reviewed in Ref. 204). During incubation with the
lymphocytes, the tetramer will bind to CD8+ T-cells that express a T-cell receptor capable of recognizing the specific
peptide. MHC class Il tetramers are more difficult to produce but have also been developed and applied to study CD4+ cell
responses (reviewed in Ref. 205).

At present, standardized FCM methodology has a detection limit of 0.02% specific CD8+ cells in blood, mostly used in
vaccine studies. Magnetic bead enrichment using beads coated with antibodies to fluorochrome (mostly PE) has been
employed to reach higher sensitivity.

Tetramer technology is also used in functional assays to study proliferation of epitope-specific T-cells or for analysis of T-
cells responding to viruses or vaccines. Tetramer-positive T-cell subset analysis is used to determine the quality of the T-
cell response and to sort antigen-specific T-cells (reviewed in Ref. 204).

CELLULAR DNA CONTENT AND CELL CYCLE ANALYSIS

FCM methods for measuring DNA content rely on cells being labeled with a fluorochrome that is expected to stain DNA
stoichiometrically and the intensity DNA associated fluorescence is obtained. Staining of live cells (so-called supravital
staining) is used mainly for cell sorting based on their DNA content. A variety of methods for FCM DNA analysis of fixed
cells has been reported, differing in cell permeabilization, choice of fluorochrome, and applicability to different cell
populations.206 In general, precipitating fixatives (alcohols, acetone) are preferred over cross-linking reagents
(formaldehyde, glutaraldehyde). The most commonly used fluorochromes are DAPI, Pl, and 7-AAD (Table 2.1). Staining
with PI required pre-incubation with RNA-se to digest RNA; RNA-se should be free of DNA-se activity. The method of
isolating nuclei from paraffin-embedded tissue can be applied to determine DNA ploidy and cell phase in archival
material.””’” The results of cellular DNA content are presented in the form of frequency histograms (Fig. 2.10). The DNA
analysis software allows estimation of the percentage of cells in the G1, S, and G2/M phase of the cell cycle as well as the
frequency of apoptotic cells with fractional (sub-G1) DNA content (reviewed in Ref. 208). Before DNA content is analyzed,
cell aggregates have to be removed from the analysis window by gating single cells on FL-width versus FL-area plots (Fig.
2.10).
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FIGURE 2.10. Schematic presentation of DNA analysis using DNA fluorochrome. Frequency of cells in G0/1, S, and G2/M
phases can be determined. Insert shows gating of single cells using FL-W versus FL-A plot.

DNA staining can be combined with immunophenotyping by labeling of live cells with a fluorochrome-conjugated MAb
and supravital DNA staining or subsequent short fixation in 0.5% to 1% paraformaldehyde in PBS before DNA
fluorochrome is applied. During analysis, cell populations of interest can be evaluated separately for DNA content after
appropriate gating procedures.208

In hematology and oncology, estimation of cell fractions in the proliferation phase and DNA ploidy are frequently
assessed. For ploidy assessment, the ratio of peak channel of DNA fluorescence of GO/1 population of the tumor and that
of normal cells is established (sc. DNA index, DI). Normal lymphocytes from the same patient are often used as the
standard of DI = 1.0.

In hematology, DNA ploidy studies by FCM have determined prognosis in B-ALL and plasma cell myeloma. In ALL, DI >
1.16, so-called hyperdiploidy, is of favorable significance, whereas hypodiploidy (DI > 0.9) is related to a worse response to
treatment.’” In myeloma, hyperdiploidy is related to a better response to bortezomib treatment.”'°

Analysis of DNA replication was at first performed using direct incorporation of *H- or ¥C-labeled thymidine, and *H-
uridine incorporation was used for RNA content. Incorporation of 5-bromo-2-deoxyuridine (BrdU) was subsequently
applied, based on quenching of Hoechst 33358 fluorescence by BrdU. Distribution of BrdU containing cells through the cell
cycle was studied by combining Hoechst 33358 with BrdU-resistant dye such as ethidium bromide or with mithramycin.
Recently introduced, the so-called “click chemistry” approach allows measuring DNA synthesis and RNA replication
simultaneously, by applying 5-ethyl-2'deoxyuridine as a DNA precursor and 5-ethyluridine as an RNA precursor. These
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precursors can be detected with fluorochrome-tagged azides by means of a copper(l) catalyzed [3 + 2] cycloaddition
reaction (reviewed in Ref. 206).

P.44

FUNCTIONAL ASSAYS
Monitoring of Cytokine Profiles

Current FCM technologies allow the simultaneous quantification of multiple cytokines with characterization of cytokine-
producing cell subsets. Antibodies to studied cytokines can be combined with lineage markers such as CD4, CD8, CD3,
and/or memory/effector phenotype markers such as CCR7, CD57, CD27, or CD45RO.

Intracellular cytokine assays are usually performed after short-term stimulation required for induction of cellular
activation and cytokine production. Cytokines can be detected after secretion inhibitors such as monensin or brefeldin are
applied, and proteins are retained intracellularly. Intracellular staining is performed after fixation and permeablization
(reviewed in Ref. 211). One of the clinical applications includes monitoring of IFN-y and tumor necrosis factor (TNF)-a
producing CD3+ T-cells in aplastic anemia patients under immunosuppressive therapy.212

Multiplex cytokine bead arrays are used to quantify soluble plasma cytokines (e.g., Luminex technology). Distinct cytokine
profiles were detected allowing differentiation between patients with aplastic anemia and hypoplastic MDS. Very high
levels of several cytokines were detected with Luminex methodology in children with anaplastic large cell ymphoma by
comparison to other non-Hodgkin lymphoma subtypes.214

Protein Phosphorylation

The use of phospho-specific antibodies allows detection of the transient alterations induced by kinases and phosphatases
involved in cell signaling. Phosphorylation refers to the addition of a phosphate to one of the amino acid side chains of a
protein. Many of the proteins that are phosphorylated upon reception of a signal are protein kinases as well. This
organization of kinases produces a phosphorylation cascade, in which one protein kinase is activated by phosphorylation
upon reception of a signal; this kinase then phosphorylates the next kinase in the cascade. However, FCM methodology to
detect phosphorylation is considered challenging and has not been, as yet, widely introduced for clinical use (reviewed in
Ref. 215). Signaling responses have to be determined by comparing the basal level to the activated state of the enzyme.
Often, multiple growth factors have to be applied for studies of activation (e.g., SCF and FLT3 for the extracellular signal-
regulated kinase [ERK] pathway) and inhibitors are used for appropriate controls (e.g., MEK inhibitor U0126 for the ERK
pathway). An appropriate fixation and permeabilization protocol has to be applied, depending on the studied protein.
Responses are usually transient and the time-point of measurement is crucial. A high level of consistency in experimental
procedures is needed (reviewed in Ref. 215). An example of clinical use is measuring of levels of the phosphorylated signal
transducer and activator of transcription (STAT) 5 (P-STAT5) in CML patients. P-STATS levels are increased in most
untreated CML patients but decrease upon BCR/ABL1 kinase inhibitor treatment.”*®

Apoptosis

Apoptosis (or programmed cell death) plays an essential role in the survival of the organism and is considered to be an
imperative component of various processes including normal cell turnover, proper development and functioning of the
immune system, multiplication of mutated chromosomes, hormone-dependent atrophy, normal embryonic development,
elimination of indisposed cells, and maintenance of cell homeostasis. The importance of apoptosis has prompted
developmen’zclof FCM assays capable of measuring this process. FCM methods employed in apoptosis research include
(reviewed in*"’:

e Detection of scatter changes corresponding to cell shrinkage (lower FS and unchanged or increased SC in early
phase, and low FS and SC in late phase)

e  FCM detection of mitochondrial inner transmembrane potential (Am,,) loss using lipophilic cationic probes [e.g.,
Rh123 or DiOCg(3)] that are readily taken up by live cells and accumulate in mitochondria

e FCM detection of caspase activation using fluorochrome-labeled inhibitors of caspases (FLICA) or detection of
cleavage of poly ADP ribose polymerase (PARP) using an antibody that recognized 89-kD product of cleavage

e FCM detection of changes in the plasma membrane during apoptosis using fluorochrome-labeled Annexin V that
binds to exposed phosphatidylserine on the cell surface
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e FCM detection of changes in plasma membrane permeability

e  FCM detection of nuclear fragmentation using sub-GO fraction in DNA analysis or assessment of DNA strand
breaks by TdT-mediated dUTP-biotin nick-end labeling (TUNEL)

e  Gradual decrease of cyanine SYTO staining in apoptotic cells

Since Apoptosis is a rapid process, knowledge of the timewindow when specific markers can be detected is crucial.
Moreover, antigen loss often occurs at early stages of apoptosis, causing problems in immunophenotyping apoptotic cells.
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Chapter 3 Cytogenetics

INTRODUCTION

Cytogenetics is the study of chromosome structure and function. Chromosome analysis is an integral part of diagnosing
hematologic malignancies and is important for determining prognosis (or risk category) and/or treatment. According to
the WHO classification of leukemias and lymphomas from 2008," there are several categories of leukemias and
lymphomas that are defined by their specific clonal chromosome abnormalities. Chromosome and/or fluorescence in situ
hybridization (FISH) analyses are considered “standard of care” for diagnosing and following patients with most
hematologic malignancies. Array analyses of these same malignancies, using either array comparative genomic
hybridization (CGH) or single nucleotide polymorphism (SNP) array analysis, have been used for identification of smaller,
more subtle or complex anomalies not appreciated by chromosome analysis and/or FISH; however, the diagnostic and
prognostic value of this technology is just beginning to emerge.

HISTORY

As early as 1890, von Hansemann® recognized that mitotic irregularities were associated with the malignant process. He
suggested that such nuclear abnormalities could be used as a criterion for diagnosing the malignant state. In 1914, Boveri®
published his chromosome (or mutation) theory of cancer in his monograph “The Origin of Malignant Tumors.” This
theory proposed that chromosome aberrations were the cause of the change from normal to malignant growth. He saw
cancer as a cellular problem which originated from a single cell with an abnormal chromosome constitution. This single
abnormal cell was the founder of a population of cells with the same abnormality (and therefore, clonal, by current
definition). Therefore, chromosome abnormalities were seen as the cause of the rapid cellular proliferation observed in
malignancies.

By the 1920s, it was widely accepted that the units of heredity in living organisms were chromosomes. In 1923, studying
paraffin-embedded preparations of testicular tissue, Painter’ reported that there were 46 or 48 human chromosomes in
the normal karyotype; however, it was popularly believed that there were 48 human chromosomes. With technical
advances involving the use of hypotonic solution and mitotic arrest, in 1956 Tjio and Levan’ determined that the normal
diploid number of human chromosomes was actually 46. In 1966, Levan® and van Steenis’ studied published reports of
human tumor karyotypes. They found nonrandom karyotypic changes in human tumors. These 40 published cases, which
consisted primarily of ascitic forms of gastric, mammary, uterine, and ovarian carcinomas, showed certain chromosomes
tended to be increased in number, while others tended to be decreased, in what appeared to be a nonrandom fashion.
Nonrandom chromosomal changes are either primary or secondary. Nonrandom primary changes are generally thought to
be the cytogenetic changes that are consistently found in a cell population and are believed to be specific for a particular
type or subtype of malignancy. Specific nonrandom secondary changes are believed to be related to the progression or
the evolution of the tumor.

This is not to say that chromosome alterations are or are not the first step in carcinogenesis. Whether one considers
Sandberg's chromosome theory of cancer, in which the key event in oncogenesis involves chromosomal rearrangement,8
or Knudson's two-hit hypothesis, in which there are at least two mutational events that lead to the malignant state,’
carcinogenesis is generally thought to be a multistage process, where a number of different barriers must be breached for
a malignancy to occur.'®

Shortly after Tjio and Levan determined the normal diploid number of human chromosomes, a number of constitutional
(or germ line) chromosome abnormalities and syndromes were described, beginning with the association of trisomy 21
and Down syndrome by Lejeune in 1959." It should be noted that chromosome abnormalities can be thought of as
consisting of two types—constitutional (germ line) or acquired (somatic). Constitutional anomalies typically affect every
cell in the body and are congenital, while acquired anomalies affect only the tumor cell population (somatic mutations).

At first, chromosomes were identified only by their size and the placement of their centromere or primary constriction, as
they were solid stained. It was not until the advent of chromosome banding in the 1970s that chromosomes could be
recognized and identified individually by their banding patterns.

In 1960, Nowell and Hungerford12 recognized the first chromosome abnormality known to be specific to a particular type
of cancer. This was the “Philadelphia” chromosome (or Ph) associated with chronic myelogenous leukemia (CML), so
named because of its discovery in that city. The chromosome origin and nature of this minute chromosome was uncertain
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at the time, as chromosomes were only non-banded and could not be specifically identified (Fig. 3.1). In 1973, after the
advent of banding, Rowley™ and colleagues at the University of Chicago discovered that the Philadelphia chromosome
was actually a balanced translocation involving the long arms of chromosomes #9 and #22
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[t(9;22)] (Fig. 3.2). The Philadelphia chromosome or a variant rearrangement is seen in nearly all patients with CML. In
later studies, it was shown that the translocation involved breakpoints in two genes, BCR on chromosome #22 at band
22g11.2 and ABL1 on chromosome #9 at band 9q34 (Fig. 3.3). These breakpoints were in very specific regions of both
genes and the translocated segment of ABL1 juxtaposed to BCR created a functional chimeric fusion protein with
increased tyrosine kinase activity. This BCR/ABL1 fusion protein upregulates the growth of these cells and causes them to
have a proliferative advantage over the normal cells.** Today, inhibitors of tyrosine kinase activity (most notably Gleevec
or imatinib) have been used to treat patients with CML and acute lymphoblastic leukemia who have the Ph chromosome.
This type of treatment has been very successful in treating these patients.15 Since then, numerous other chromosome
abnormalities have shown associations with specific hematologic disease entities (Table 3.1), some of which have targeted
or specific therapy directed toward their fusion protein.

FIGURE 3.1. An unbanded metaphase spread from bone marrow cells of a patient with chronic myelogenous leukemia
showing the Ph chromosome.
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FIGURE 3.2. lllustration of t(9;22) observed in chronic myelogenous leukemia and acute lymphoblastic leukemia. Ideogram
of chromosomes #9 and #22 on left with partial karyotype on right. Arrows indicate breakpoints.
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FIGURE 3.3. Fluorescence in situ hybridization illustration of t(9;22) with red-labeled ABL1 probe spanning the breakpoint
at 9934 and green-labeled BCR probe spanning the breakpoint at 22q11.2. At right, nuclei showing abnormal and normal
signal pattern with yellow fusions.

CYTOGENETIC ANALYSIS OF HEMATOLOGIC MALIGNANCIES

NORMAL

Cytogenetic analysis of hematologic malignancies involves at least two, if not three, different approaches. The first is
“classic chromosome analysis” (CCA). The second is FISH using DNA probes labeled with fluorochrome(s). Whether FISH is
performed on metaphase cells (metaphase chromosomes) or interphase cells (resting, non-dividing nuclei), this technique
can be used to ask very specific questions. However, to determine the correct interrogating probe, one must know the
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question to be answered. The advantage of using interphase FISH is that mitotic cells are not necessary for analysis, as
they are for CCA and metaphase FISH. In addition, even formalin-fixed paraffin-embedded tissue can be studied in this
fashion. The third approach involves arrays, either CGH arrays, utilizing primarily oligonucleotides spaced throughout the
genome, or SNP arrays, with heterozygous SNPs positioned throughout the genome. Both of these array types can be used
to determine DNA copy number (one vs. two vs. three); however, loss of heterozygosity (LOH) can only be detected if one
uses SNP arrays. In addition, balanced rearrangements (copy neutral), i.e., translocations, inversions, etc., cannot be
appreciated by either array method. Malignancies are often made up of both normal and abnormal cells, as well as
varying percentages of abnormal clones. This heterogeneity, which can be seen as low levels of mosaicism, typically below
15% to 20%, cannot be detected by array analysis.

CHROMOSOME ANALYSIS

Chromosome analysis can be performed on numerous types of dividing tissue and can help to render diagnoses for
constitutional (germ line) chromosome conditions (i.e., trisomy 21), as
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well as acquired (somatic) chromosome abnormalities associated with different types of cancer. Chromosome analysis
requires living, dividing cells which are arrested in metaphase by using a substance that inhibits spindle fiber formation
during mitosis (e.g., Colcemid, Velban). Typically, leukemias and lymphomas are studied by preparing short-term cultures
(direct, 24-, 48-, or 72-hour) grown in suspension. The cells are then “harvested” using a hypotonic solution (sodium
chloride or sodium citrate) and fixed using a mixture of methanol and acetic acid. Slides are made by dropping the cell
suspension on the slides and drying them. The slides are aged and then banded using trypsin (or pepsin) and Giemsa (or
Wright's or Leischman's) stain. This produces the G-banding pattern widely used to recognize and identify chromosomes
and their abnormalities (Fig. 3.4). Chromosome analysis is performed by individuals who have been trained to recognize
the banding patterns of each individual chromosome pair, chromosomes #1 through #22 and the X and Y sex
chromosomes. Banded metaphases are identified and analyzed using a light microscope equipped with high resolution
objectives (typically 10x oculars, with 63x or 100x objectives—enlarged up to 1000x their normal size). Images are then
acquired using a CCD (charged coupled device) camera, and proprietary software is used to create the karyotype. A
karyotype is the chromosomal makeup of a particular cell or individual. The software enables a technologist to create the
digital karyotype, but the software/computer cannot completely recognize nor interpret the karyotype; this must be done
interactively by the trained technologist. Chromosome analysis of leukemias and lymphomas requires complete analysis of
a minimum 20 metaphase cells if possible.16 This is not a random process. Technologists (or automated imaging systems)
scan the slides looking for abnormal metaphases. Often, there are normal metaphases that are part of the milieu. These
are typically avoided, if there are abnormal metaphases present. All cells are completely analyzed —matched band-by-
band, chromosomeby-chromosome pair, looking for any inconsistencies or abnormalities, be they structural or numerical.
Clonal abnormalities are described and documented. Clonal anomalies are defined as two or more cells with the same
structural abnormality or same extra chromosome, while loss of a chromosome must be observed in three or more cells in
order to be considered clonal."” Karyotypes are then created as both an analytical and a documentary tool and the
chromosome diagnosis rendered.

TABLE 3.1 CHROMOSOME ABNORMALITIES AND ASSOCIATED DISEASES

Chromosome Abnormality Genes (HUGO) Disease
t(9;22)(934;911.2) ABL1, BCR CML, ALL
del(6)(g23) MYB CLL

del(11)(q22) ATM CLL

+12 CLL
del(13)(ql14) CLL, MDS, AML
del(17)(p13) TP53 CLL
t(1;19)(923;p13.3) PBX1, TCF3 ALL
t(4;11)(921;923) AFF1, MLL ALL

98



Wintrobe's Clinical Hematology 13th Edition

t(variant;11)(variant;q23) MLL ALL, AML
£(12;21)(p13;022) ETV6, RUNX1 ALL
t(1;22)(p13;q13) RBM15, MKL1 AML (M7)
inv(3)(g21926.2)/t(3;3)(921;926.2) RPN1, MECOM AML
£(6:9)(p23;034) DEK, NUP214 AML
£(8;21)(922;022) RUNX1T1, RUNX1  AML (M2)
£(9:11)(p22;923) MLLT3, MLL AML
t(15;17)(q24;021) PML, RARA APL (M3)
inv(16)(p13.1q22)/t(16;16)(p13.1;922) MYH11, CBFB AML (M4)
-5/del(5q) MDS, AML
-7/del(7q) MDS, AML
+8 MDS, AML
del(20q) MDS, AML
£(8:14)(q24:932) MYC, IGH@ BL
£(2:8)(p12;024) IGK@, MYC BL
1(8:22)(q24:q11.2) MYC, IGL@ BL
t(2:5)(p23;035) ALK, NPM1 ALCL
t(2;variant)(p23;variant) ALK ALCL
t(18;variant)(g21;variant) BCL2 DLBCL
t(3;variant)(q27;variant) BCL6 DLBCL
t(8;variant)(q24;variant) MYC DLBCL
t(14;18)(932;921) IGH@, BCL2 FL
t(2;18)(p12;921) IGK@, BCL2 FL
t(18;22)(921;911.2) BCL2, IGL@ FL
t(11;14)(913;932) CCND1, IGH@ MCL
del(13)(q14) PCM
del(17)(p13) TP53 PCM
t(4;14)(p16.3;932) FGFR3, IGH@ PCM
t(14;16)(g32:0923) IGH@, MAF PCM
t(14;20)(932;912) IGH@, MAFB PCM

ALCL, anaplastic large cell lymphoma; ALL, acute lymphoblastic leukemia; AML, acute myeloid
leukemia; APL, acute promyelocytic leukemia; BL, Burkitt lymphoma/B-cell lymphoma; CLL, chronic
lymphocytic leukemia; CML, chronic myelogenous leukemia; DLBCL, diffuse large B-cell lymphoma;
FL, follicular lymphoma; MCL, mantle cell lymphoma; MDS, myelodysplastic syndrome; PCM,
plasma cell myeloma.

Samples for chromosome analysis—fresh bone marrow, bone core biopsy, or peripheral blood—are transported at room
temperature in either a sodium heparinized green-topped tube or in transport media with sodium heparin added to
prevent clotting. These samples should be received within 24 hours of collection, if possible. Some bone marrow samples
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are particularly finicky and the abnormal clonal cells are fragile (e.g., acute lymphocytic leukemia). Lymphomas are minced
and placed into short-term suspension culture.

CYTOGENETIC NOMENCLATURE

It is important for the hematopathologist to have a basic understanding of cytogenetic nomenclature, as he/she is often
asked to incorporate this data into an integrated or comprehensive report including all clinical laboratory analytic data on
individuals with hematologic malignancies (i.e., flow cytometry, molecular and cytogenetic analytic data). The
International System of Cytogenetic Nomenclature (ISCN)'® is the accepted method of describing the karyotype of an
individual or tumor. There are very specific rules for how this information is presented. This is the internationally accepted
cytogenetic language that, using alpha/numeric/symbolic string text allows one laboratory to describe what was observed
in the karyotype and another laboratory to understand what that means. Every few years this system of nomenclature is
updated. The most recent update was in 2009. ISCN first came into existence in 1978; however, there were several
conferences held from 1960 until then to codify the human karyotype, with banded ideograms first introduced in 1971. An
ideogram is a scientific representation of the light and dark bands, sub-bands
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and sub-sub-bands observed by metaphase chromosome analysis. Each chromosome has its own particular set of
recognized bands, which allows it to be identified as such (Fig. 3.5). For instance, all human chromosome #1's look very
similar to one another, having the same pattern of light and dark bands, with the exception of a known variant region near
the centromere. Chromosomes are divided into short arm and long arm by the centromere or primary constriction, which
mediates attachment to the spindle fiber apparatus in mitosis. Bands in the short arm are labeled “p,” while bands in the
long arm are labeled “q.” Each chromosome arm has landmark bands which demarcate the regions of the chromosome
arm (this is the first number indicated after the p or q designation). These regions are then divided into bands, and
possibly sub-bands or sub-sub-bands. Bands are numbered in increasing order starting at the centromere and proceeding
toward the end of the chromosome arm (or telomere). The total number of chromosomes observed is stated first, with
the sex chromosome designation given following a comma. There are normally no spaces between the numbers, letters,
and punctuations that make up the karyotype designation. As an example, a female patient with the Philadelphia
chromosome would have a karyotype written as “46,XX,t(9;22)(q34;q11.2)[18]/46,XX[2],” meaning that she has the Ph or
t(9;22) in 18 of her metaphases (18 in []), a slash designating a second normal cell line with 46,XX (or normal
chromosomes) in two metaphases (2 in []). The breakpoint in chromosome #9 is at band 9934 (long arm or q arm, region
3, band 4 or band three four, not thirty-four) and the breakpoint in chromosome #22 is at sub-band 22q11.2 (long arm or
g arm, region 1, band 1, sub-band .2 or band one one point two, not eleven point two). There are rules as well for
describing both interphase and metaphase FISH (Table 3.2).
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FIGURE 3.4. Normal male G-banded karyotype.
FLUORESCENCE IN SITU HYBRIDIZATION ANALYSIS

< *"mgms

In situ hybridization was first described by Gall and Pardue in 1969," when they hybridized radioactively labeled probes to
highly repetitive sequences in mouse and Drosophila. In 1981 Harper and Saunders® used a similar technique using
tritiated (3H) nucleotides to label probes and autoradiographic methods to map human genes. Also in 1981, Langer et al.”!
introduced biotinlabeled probes for gene mapping purposes, which then could be detected with streptavidin conjugated
antibodies which had been fluorescently tagged. In 1988, Pinkel et al.?? described chromosome painting probes, while
Kallioniemi et al. in 1992%* introduced CGH using metaphase chromosomes as the interrogator.
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TABLE 3.2 FREQUENTLY USED ISCN SYMBOLS AND ABBREVIATED TERMS

Symbol or

Term Interpretation

Add Additional material of unknown origin

approximate signDenotes intervals and boundaries of a chromosome segment or number of

) chromosomes, fragments, or markers; also used to denote a range of number of copies
of a chromosome region

arr Microarray, array

brackets, angle

(<>)

brackets, square

(1)

C
chr
comma (,)
con

cp

Surround the ploidy level
Surround the number of cells

Constitutional anomaly
Chromosome

Separates chromosome number, sex chromosomes, and chromosome abnormalities

Connected signals in interphase FISH
Composite karyotype (when karyotype is very heterogeneous)

decimal point (.) Denotes sub-bands

del

der

dic

dmin

dup

hsr

i

idem

inc

ins

inv

ish

mar

minus sign (-)
multiplication
sign (x)

nuc

p

Deletion

Derivative chromosome (from a translocation or other rearrangement)
Dicentric chromosome (two centromeres)

Double minute (amplified material, acentric fragments)

Duplication

Homogeneously staining region (amplified material within a chromosome)
Isochromosome (2 long arms or 2 short arms without the other)
Denotes the stemline karyotype in a subclone

Incomplete karyotype (partially analyzable)

Insertion

Inversion

In situ hybridization

Marker chromosome (unidentified origin)

Loss

Multiple copies

Nuclear
Short arm of a chromosome
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parentheses ()  Surround structurally altered chromosomes and breakpoints

period (.) Separates various techniques
plus sign (+) Gain
q Long arm of a chromosome

question mark  Questionable identification of a chromosome, chromosome structure, or breakpoint
?)

r Ring chromosome

sep Separated signals (in FISH)

slant line, single Separates clones

()

slant line, double Separates chimeric clones (cross-sex transplant; host//donor)
()

t Translocation

In situ hybridization takes advantage of the genetic code, the complementary strands of DNA and their unique, as well as
repetitive, sequences. Probes are designed with a particular DNA sequence in mind. These probes are labeled so that they
can be detectable, once they have hybridized to the DNA. Target DNA, whether it is in the form of metaphase
chromosomes or interphase nuclei, is denatured, as is the DNA probe, using formamide, heat, and salt. The slide/DNA is
then re-annealed, so that the DNA probe can hybridize to its complementary target DNA sequence. After hybridization is
complete (from a few hours to overnight), the slides are washed and counterstained and the hybridization is visualized. In
this manner, questions of loss, gain, or juxtapositioning of target sequences can be answered.

Most DNA probes used for in situ hybridization are directly labeled with fluorochromes and visualized using a fluorescent
microscope and the proper filter sets, once the hybridization has taken place. FISH probes can be single copy, unique
sequence probes, repetitive probes, or whole chromosome painting probes. Single copy probes can be used to determine
copy number (gain or loss) of a single locus or specific chromosome, or can be designed in combination to detect gene
rearrangements (either by dual color, dual fusion, or break apart probes, spanning the known breakpoints of critical
rearrangements). Single copy probes can also be used to detect amplification of a locus, as in HER2 (ERBB2) amplification
in invasive breast carcinoma. Repetitive probes can also be used primarily for chromosome enumeration. These are
typically chromosome specific alpha satellite repeats (e.g., DXZ1 and DYZ3 located at the centromeres of the Xand Y
chromosomes, respectively). There are also chromosome arm specific subtelomeric repeat sequences that are generally
within 300 kb of the ends of the chromosomes.

FLUORESCENCE IN SITU HYBRIDIZATION NOMENCLATURE

FISH nomenclature has also been established by the ISCN."® FISH can be of either metaphase chromosomes or interphase
nuclei. Both have different nomenclature rules. Metaphase FISH is always prefaced by the term “ish,” followed by the
locus of the DNA probe used or the abnormality observed. The presence, absence, or appearance of the FISH probes is
then described. As an example, an individual who has CML and is Ph chromosome positive might have metaphase FISH
(using a dual fusion FISH strategy) which would be written:

46,XX,t(9;22)(q34;q11.2).ish t(9;22)(ABL1+,BCR+;BCR+,ABL1+)[20]

The semicolon separates one chromosome from the other descriptively and shows that while some of ABL1 has remained
at 9934, some is now translocated to 22q11.2, next to BCR, and vice versa. Interphase FISH of this same individual would
typically involve scoring 200 interphase nuclei for their signal patterns. This would be described by using the term “nuc
ish” followed by the pattern that was observed. This can best be expressed as:

nuc ish(ABL1,BCR)x3(ABL1 con BCRx2)[200]

The above scenario shows that there are three ABL1 signals and three BCR signals; however, two each of these signals are
connected (“con”) or fused, representing both the BCR/ABL1 and the ABL1/BCR sequence fusions.

Alternatively, if the patient has a normal karyotype and no evidence of the BCR/ABL1 translocation:

“nuc ish(ABL1,BCR)x2[200]” or “nuc ish(ABL1x2,BCRx2)[200]”
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In other words, there are two distinct ABL1 signals and two distinct BCR signals, with no fusion of the two.

It is important to note that while many of the FISH probes used for leukemias, lymphomas, and other solid tumors are FDA
approved, all must be validated in the laboratory. Such validation must determine the analytic sensitivity and specificity of
each
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probe, and establish normal cutoff values or thresholds for determining whether or not a FISH assay is positive or negative
for the aberrant signal pattern.

DIAGNOSTIC AND PROGNOSTIC IMPACT OF CHROMOSOME ABNORMALITIES

As stated earlier, the WHO system1 has classified many leukemias and lymphomas according to their cytogenetic and/or
molecular abnormalities. Many of these have not only diagnostic significance, but prognostic significance as well. While
this list is by no means exhaustive, it does inform the reader as to the significance of a number of anomalies (Table 3.3).
Please refer to online resources The Atlas of Genetics and Cytogenetics in Oncology and Haematology
(http://atlasgeneticsoncology.org) and the Mitelman Database of Chromosome Aberrations in Cancer (http://cgap.nci.
nih.gov/Chromosomes/Mitelman).

Acute Myeloid Leukemia

According to the WHO 2008," there are certain entities of acute myeloid leukemia (AML) defined by their cytogenetic or
molecular abnormalities (recurrent genetic abnormalities). The t(8;21) and the inv(16) and its variants, both core binding
factor (CBF) abnormalities, as well as the t(15;17) when observed by either CCA, FISH, or PCR, are considered distinct
forms of AML, even if the percent blasts is below 20%. All of these have been associated with a good or favorable risk. The
t(9;11)(p22;923) is an entity with an intermediate risk. While the t(6;9)(p23;q34), inv(3)(q21g26) and its variants, as well
as the t(1;22)(p13;q13) are distinct AML entities, all with an associated poor risk, it is unclear if cases with blasts below
20% are actually considered AML, or technically should be classified as myelodysplastic syndrome (or MDS).

Acute Myeloid Leukemia Risk Categories

Slovak et al.,” stratified patients with AML into four risk categories. Those in the favorable group had inv(16), t(15;17) or
t(8;21), while those in the unfavorable group had monosomy 5/5q deletion, monosomy 7/7q deletion, inv(3), 11923 (or
MLL) rearrangements, abnormalities of 17p, 20q or 214, t(6;9), or complex karyotypes (with 3 or more abnormalities).
Those in the intermediate group had a normal karyotype, trisomy 8, trisomy 6, deletion of the 12p, or loss of the Y
chromosome. There was also an indeterminant group that contained all other chromosome anomalies. Grimwade et al.*
proposed a slightly different prognostic classification scheme. Individuals with inv(16), t(15;17) or t(8;21) were in the
favorable group, while those in the adverse group included abnormalities of 3q [excluding t(3;5)(q21725;q31735)], inv(3),
monosomy 5/5q deletion, monosomy 7/7q deletion, t(6;11), t(10;11), 11923 (or MLL) rearrangements [excluding t(9;11)
and t(11;19)], t(9;22), monosomy 17/abnormalities of 17p, and complex karyotypes (with 4 or more abnormalities). All
others fell into the intermediate group.

More recently, several groups have described the “monosomal karyotype” (or MK) which is believed to have a worse
prognosis even when compared to those patients with complex karyotypes (with 3 or more abnormalities).sl'sﬁ'37 The
concept of a “monosomal karyotype” defined by Breems et al.* was defined as a karyotype with loss of at least one
chromosome and at least one structural chromosome abnormality or loss of at least two chromosomes. This concept is
rather problematic in that most of the MK+ patients also have complex karyotypes, and so are included in the poor
prognostic group despite their MK status. Secondly, MK is often a misnomer because many of the karyotypes are not truly
monosomic (missing an entire chromosome), as there are often multiple rearrangements and/or marker chromosomes
present (a “marker” is a chromosome whose chromosomal origin is unknown or unidentified). Often cytogeneticists
designate an abnormality as a marker, even if it is possible to at least partially identify its origin. These markers may
contain obvious or cryptic segments of the monosomic chromosome. As CCA is often subjective, two cytogeneticists might
describe the same karyotype in different ways. This makes classification of a karyotype as MK problematic. While there
might indeed be a difference in outcome for patients with AML that have complex karyotypes (CK) versus those with
monosomal karyotypes (MK) per the Breems et al. definition, separating these two entities is not at all straightforward.

TABLE 3.3 PROGNOSTIC RISKS ASSOCIATED WITH CHROMOSOME ABNORMALITIES
Disease Risk Categories
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CML Poor: additional abnormalities (extra Ph, +8, i(17q), etc.)
CLL Good: 13g-, normal, +12 Intermediate: 11g- (ATM deletion) Poor: 17p- (TP53 deletion)
Dohner et al.**

Adult ALL  Favorable: hyperdiploidy with +4 and +10, 9p-Unfavorable: t1(9;22), t(4;11), t(8;14), low
hypodiploidy/near triploidy, complex (5 or more abnormalities)

Moorman et al.?®

Childhood  Favorable: hyperdiploidy (>50 and <60) with +4, +10 (+17?), t(12;21)

ALL Unfavorable: t(9:22), t(v;11q23), 9p-, hypodiploid (<44), t(1:19)
Pui et al.?®; Heerema et al.?’; Raimondi et al.?®
AML Favorable: inv(16), t(8;21), t(15;17)

Intermediate: normal, +8, +6, -Y, 12p-
Unfavorable: -5/5¢9-, -7/7g-, inv(3), 11923 abnormality, abnormal 17p, 20q or 21q, t(6;9),
t(9;22), complex
(3 or more abnormalities Very poor: monosomal karyotype (MK)”
Slovak et al.?*; Grimwade et al.*®; "Breems et al.**
MDS High: -7/7g-, complex (3 or more)[en]Intermediate: +8, other anomalies

Low: normal, -Y, 50-, 20q-

Greenberg et al.*

PCM Standard: hyperdiploidy (without TP53 deletion), t(11;14), t(6;14)
Intermediate: t(4;14), 13q- or hypodiploidy by chromosome analysis
Poor: 17p-, t(14;16), t(14;20), "1q+/1p-
Rajkumar®?; “Klein et al.**; "Wu et al.*®

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic
leukemia; CML, chronic myelogenous leukemia; MDS, myelodysplastic syndrome; PCM, plasma cell
myeloma.

ARRAY ANALYSIS

Comprehensive analysis of the cancer genome has become a standard research approach to identify new disease loci that
may ultimately lead to new therapeutic strategies. One way of studying
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the genomes of malignancies is to use array analysis (either array CGH or SNP array, or a combination) to discern copy
number changes and/or LOH.

While CCA relies upon metaphase chromosome analysis and the ability to recognize differences in banding patterns visible
on metaphase chromosomes by light microscopy, array analysis uses any number of known DNA sequences (SNPs, exons,
introns, etc.) and determines their copy number. CCA has a resolution of approximately 5 to 10 Mb (megabase pairs or
million base pairs of DNA) even at its highest resolution, while array analysis can detect much smaller anomalies on the
order of a 50 to 100 kilobase (kb) pairs (a 1,000 times higher resolution). CCA can detect structural rearrangements,
whether balanced (two copies of every gene or DNA sequence, just not in the correct order) or unbalanced (one or three
copies versus the normal two); however, array analysis cannot detect balanced rearrangements (i.e., balanced
translocations or inversions). Array CGH analysis can detect only copy number changes, often referred to as copy number
variants (CNVs). CNVs can be benign, disease-associated or of unknown significance.
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There are at least two different types of arrays—CGH arrays, which can be made up of probes that are either BACs
(bacterial artificial chromosomes) or oligonucleotides (typically 60 base pairs in length that are synthesized and are
specific, unique DNA sequences), or SNP arrays. BAC CGH arrays were the first arrays used clinically for the detection of
copy number changes.38’39 and *° This was seen as a way to do multiple FISH tests simultaneously. These arrays were
initially “targeted” arrays which had about 800 probes specific for numerous microdeletion/microduplication syndromes,
as well as other Mendelian disorders with associated disease loci. Over the years, because of their reliability and
reproducibility, these have been replaced by the more robust oligonucleotide arrays. Oligo arrays typically have anywhere
from 44,000 unique sequence probes to over a million. Most clinical laboratories that employ oligo arrays use ones that
have between 60,000 and 180,000 probes to detect copy number changes (or CNVs). This detection is performed by
labeling patient or tumor DNA and control DNA with different fluorochromes (typically Cy3 and Cy5), denaturing the array
DNA as well as the target and control DNAs and hybridizing them together, along with Cot-1 DNA to reduce binding to
repetitive sequences. The DNAs will find and hybridize to complementary array probe sequences. After washing, the array
is read by a laser which determines the color and intensity of each spot on the array. Using proprietary software,
correcting for dye bias and other artifacts, copy number calls are made according to established parameters, typically the
log, ratios of the intensities of the different fluorochromes. In most cases the imbalanced regions can be detected by as
few as three to five consecutive oligonucleotide probes (Fig. 3.6).

SNP arrays were initially used for genome-wide association studies (GWAS) to find associations of particular SNPs with
disease; however, it was discovered that they could also be used to determine copy number.*"* SNP array analysis is
slightly different, in that it utilizes SNPs to determine copy number changes with comparison to expected SNP frequencies,
as control DNA is not used. SNPs vary from individual to individual. Individuals have different SNPs, one that is arbitrarily
called the “A allele” and the other one the “B allele.” It is expected that everyone has two different SNP alleles at various
loci (they are AA, AB, or BB). The copy number analysis of SNP array data generally uses two parameters, comparing
observed test sample values to expected reference values, the log, R intensity ratio and the allelic intensity ratio or “B
allele frequency.” The latter is used to determine stretches of homozygosity (copy neutral changes where only one SNP
allele is detected, presumably from either loss of heterozygosity or identity by descent/relatedness/consanguinity). Most
SNP arrays now also include unique sequences, other than the SNPs, as they enhance the ability of the SNP array to detect
copy number changes. Most SNP arrays contain about 1 million SNPs and another 1 million unique features. More
recently, a few companies have created CGH arrays that include SNPs as well as single copy loci. These are called “oligo +
SNP” arrays. While the number of SNPs used is much reduced when compared to SNP arrays, they are sufficient to detect
clinically significant LOH, particularly in cancer analysis (Fig. 3.7). Many laboratories have adopted either oligonucleotide
arrays or these new oligo + SNP arrays due to their robustness and ease of use, particularly when compared to SNP arrays.
While it would seem that the more probes the better, the resolution of both CGH and SNP arrays are very similar.

Array analysis has now become “standard of care” and is considered a first line clinical test in individuals with intellectual
disability (ID) and congenital anomalies.” While CCA can detect abnormalities in around 5% of individuals with ID and
congenital anomalies, array analysis can detect abnormalities in around 15% to 20% of such individuals.

Although many researchers have used array analysis in hematologic malignancies and other tumors, this type of analysis
has yet to become “standard of care.”

Array analysis can detect smaller, cryptic anomalies, and help to further characterize the karyotype of a tumor better than
CCA or FISH; however, there are some problems. Malignancies can often be heterogeneous with multiple clones present
in only a few cells. These underrepresented clones may well be missed, if they are in less than 15% of the cells. Arrays
cannot detect balanced rearrangements, which are commonly observed in hematologic malignancies. Yet another issue is
determining whether CNVs or regions of LOH observed in a tumor are constitutional (and not disease related) or acquired,
as often normal control DNA from the patient is unavailable.

Chronic Lymphocytic Leukemia and Array Analysis

In chronic lymphocytic leukemia (CLL), CCA of blood or bone marrow has not been very successful, in part due to the lack
of neoplastic B-cells that are actively dividing. Investigators have shown that approximately 80% of patients with B-CLL
have clonal chromosome abnormalities that can be detected in non-dividing cells of the blood using interphase FISH
employing a number of DNA probes specific for the chromosome abnormalities known to be associated with B-CLL. This
group of probes is called a “FISH Panel.” Not only are these clonal chromosome abnormalities detectable, they are also of
prognostic value. In a study reported by Dohner et al.,** it was shown that patients could be placed into different risk
categories by their FISH abnormalities alone. They found that those patients with a FISH result that was normal, trisomy
12 or 139 deletion (13g-), had a good prognosis, while those with an ATM deletion (11q deletion) were in the
intermediate group, and those with a TP53 deletion (17p deletion) were in the poor prognostic group. Currently, FISH
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helps to stratify CLL patients. More recently,*** in vitro stimulation with CpG oligonucleotide DSP30 with mitogens has

been shown to improve the proliferation of CLL cells and yield metaphases with abnormal karyotypes. These
abnormalities are not detected by the standard FISH panel, and when complex, have been shown to impart a worse
prognosis.

More recently, array analysis has been performed on CLL patients. Many authors have shown a high concordance with
FISH analysis."s"”’48 and ¥ Array analysis has detected several recurrent chromosome abnormalities that are not part of
the standard FISH panel for CLL, including 1432 abnormalities *******" and gains of 2p.***° The clinical significance of
these anomalies is unknown. Array analysis has also shown that 13q deletions vary
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greatly in size, with some being homozygous deletions and others heterozygous deletions of different sizes.*®" There is

some evidence that the larger 13q deletions (>1.25 Mb) have a worse prognosis than those with the smaller deletions

(<1.25 Mb).50 Overall, array analysis has shown that individuals with a more complex karyotype, either because of overall
. . . . . . . 49,51,52 53

genomic complexity or clonal diversity, typically have a poorer outcome than those with a simpler karyotype. and
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FIGURE 3.6. Oligonucleotide array showing 313 kb loss of 5q14.3. A. log, ratio showing loss of approximately 20
oligonucleotide probes. B. 5q14.3 abnormality with loss of RASA1 and CCNH gene loci.
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FIGURE 3.7. Oligo + SNP array results for chronic lymphocytic leukemia patient. A. Array karyotype with red blocks
indicating areas of loss, green blocks indicating areas of gain and gray blocks denoting LOH. B. log2ratio of X chromosome
showing no copy number change. C. Single nucleotide polymorphism array showing only one allele present consistent
with loss of heterozygosity (LOH) on the X chromosome. D. Software call of LOH with copy neutral change on the X
chromosome including bands Xq22.1 to Xq22.3.
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FIGURE 3.7. (Continued)
TABLE 3.4 ABNORMALITIES DETECTED BY ARRAY ANALYSIS IN ACUTE LYMPHOBLASTIC LEUKEMIA

Chromosome Location Gene (HUGO) Prognostic Significance
5034 EBF1
6921 FYN
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7pl2.2 IKZF1 Poor prognosis (>50% of Ph+ patients)®®°’
7022.2 NAMPT

8021.13 PAG1

9p21.3 CDKNZ2A ?poor prognosis
9p13.2 PAX5 ?poor prognosis
11p13 RAG1, RAG2

11023 MLL

12p13.2 ETV6

12p13.1 CDKN1B

13q14.2 RB1

18021 TCF4

21022 RUNX1

Data from Dougherty MJ, Wilmoth DM, Tooke LS, et al. Implementation of high resolution single
nucleotide polymorphism array analysis as a clinical test for patients with hematologic malignancies.
Cancer Genet 2011;204:26-38; Martinelli G, lacobucci I, Storlazzi CT, et al. IKZF1 (lkaros) deletions
in BCR-ABL1-positive acute lymphoblastic leukemia are associated with short disease-free survival
and high rate of cumulative incidence of relapse. A GIMEMA AL WP report. J Clin Oncol
2009;27:5202-5207; Mullighan CG, Su X, Zhang J, et al. Deletion of IKZF1 and prognosis in acute
lymphoblastic leukemia. N Engl J Med 2006;360:470-480.

For a good review of abnormalities detected by array analysis of hematologic malignancies, see van der Veken and Buijs54
(Table 3.4).
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Chapter 4 Molecular Diagnosis in Hematology

INTRODUCTION

Molecular diagnostics, including DNA- and RNA-based testing and genomics, play an increasingly important role in
diagnosis and monitoring of patients. The tremendous explosion of knowledge about the molecular pathogenesis of both
benign and neoplastic hematologic conditions over the last 20 years has now been translated into routine laboratory
assays of high complexity. Such clinical molecular diagnostic assays, including advanced DNA sequencing, microarrays, and
highly sensitive polymerase chain reaction (PCR) tests, now impact diagnosis, subclassification, minimal residual disease
(MRD) monitoring, outcome prediction, and therapy selection. In this chapter, we review the basis of these molecular
techniques and discuss their uses in hematology currently and in the future.

AN OVERVIEW OF MOLECULAR BIOLOGY

DNA, the chromosomal material in the cell nucleus, is transcribed by polymerases to form RNA species with different
functions. These include messenger RNA (mRNA) produced from each of the “20,000 protein coding genes, microRNAs
(mIRs) transcribed from the “500 regulatory mIR genes, and ribosomal and transfer RNAs that are components of the
ribosome and the protein biosynthesis machinery. mRNAs are then translated into proteins by the ribosome and then
typically degraded quickly because of the actions of mIRs and cellular nucleases. The set of mMRNAs and mIR genes that get
transcribed in any particular cell is regulated by growth factor-responsive transcription factors, cell type-specific enhancer
complexes, and the epigenetic state of the DNA surrounding genes as well as their scaffold histone proteins. Epigenetic
modulation of DNA and histones occurs commonly through methylation and acetylation and is dynamically regulated
during hematopoietic cell development and during the development of leukemias and Iymphomas.l’2

Acquired (somatic) defects in one or more of these processes underlie the development of hematologic conditions (Table
4.1). In addition, inherited gene defects or normal population variations in these cellular functions lead to predisposition
to subsequent development of hematologic conditions.”"** With improved understanding of the basic mechanisms
underlying disease, therapies which target the type of molecular aberrations in hematologic conditions have increasingly
been developed (Table 4.2).

Extraction of Nucleic Acids: The Starting Point for Molecular Assays

Because mutations and alterations in the DNA of disease-causing genes usually lead to detectable aberrations in RNA and
protein levels, a variety of analytes are available to diagnose most conditions. DNA is the most stable analyte and can be
easily extracted from fresh cells, frozen cells, and formalin-fixed paraffin-embedded (FFPE) tissues. Therefore, DNA is the
preferred starting material for most PCR assays and is used for DNA sequencing, for mutation detection by PCR, and for
genomic microarrays. DNA is stable at room temperatures for several days, for months to years when refrigerated, and
essentially indefinitely when frozen. One exception to the stable preservation of DNA is in decalcified bone marrow
trephines where the acid treatment usually fragments the DNA, often making it unsuitable for PCR and microarrays.

DNA can be extracted from cells by a variety of methods, with the first step usually being disruption of the cells using a
powerful protease, such as proteinase K, along with a detergent to help solubilize the cell membranes. An RNase enzyme
can also be used during this step to degrade the interfering mRNA present. DNA can then be selectively isolated from this
mixture using column chromatography, organic extraction of proteins followed by alcohol precipitation, or by the binding
of DNA to solid substrates such as glass beads.

RNA is much more labile than DNA and can be quickly degraded in unprocessed blood and bone marrow samples and in
FFPE tissues. However, RNA is still the preferred substrate to detect fusion transcripts that occur in hematologic
neoplasms (e.g., BCR-ABL1) and when mRNA or mIR expression analysis is needed. Most RNAs begin to degrade within
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two to three days of blood or bone marrow collection even if the unprocessed sample is refrigerated; RNA must be stored
frozen once extracted from cells.

RNA can be isolated from cells using methods similar to those described for DNA extraction above. Care must be taken
during extraction to neutralize the RNA-degrading enzymes present in the environment and within the cells themselves.
For most molecular assays, RNA is next converted into complementary DNA (cDNA) using reverse transcriptase as the first
step in the protocol.

P.59

Isolation of mIRs often requires modified extraction methods, but they can also be quantified using reverse transcriptase
(RT)-PCR and may be more stable than mRNAs.

TABLE 4.1 DEFECTS IN THE CELLULAR MOLECULAR MACHINERY UNDERLYING HEMATOLOGIC DISORDERS

Alteration Type  Hematologic Condition(s) Methods to Detect References
Large DNA Thalassemias Southern blot, genomic assays 3
deletions
DNA Inherited cytopenias, drug ~ Southern blot, genomic arrays, PCR 4,5
repeats/insertions  response in leukemia
DNA point Acute and chronic AS-PCR, DNA sequencing, arrays 6,7
mutations leukemias, lymphomas
Epigenetic Bone marrow failure, Methylation sequencing, 8
regulation myelodysplasia methylationsensitive PCR,

pyrosequencing
Ribosomal Diamond Blackfan anemia  Transcript profiling, protein expression 9
biogenesis
Alternate mMRNA  Coagulopathy Transcript profiling, protein expression 10
species

AS-PCR, allele-specific PCR; mRNA, messenger RNA; PCR, polymerase chain reaction.
TABLE 4.2 TARGETABLE PATHWAYS ACTIVATED IN HEMATOLYMPHOID TUMORS

Tumor
Tumor type Genetic alteration/mutation  type(s) Effect(s)
Myeloid neoplasms TET2, IDH1/2, DNMT3A gene MPNs, MDS, Epigenetic regulation of
(all) mutations AML, CMML transcription®®
Myeloproliferative BCR-ABL1 fusion JAK2 kinase CML MPNs Activation of kinase or ligand-
neoplasms PM MPL receptor PM PDGFR MPNs independent signaling or
kinase fusion KIT receptor HES/MCD  hypersensitivity to lower levels
kinase PM MCD of growth factor**
Acute myeloid KIT receptor PM FLT3 receptor CBF-AML  Ligandindependent signaling™
leukemia PM, ITD AML
Lymphoma AKT1 & TCL1 activation SYK  B-NHL PTCL Hypersensitivity to BCR, TCR,
kinase activation LCK kinase ~ ALL-T and growth factor signaling*®*’

fusion/mutation and 18

MPN, myeloproliferative neoplasm; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia;
CMML, chronic myelomonocytic leukemia; CML, chronic myelogenous leukemia; PM, point
mutation; ITD, internal tandem duplication; HES, hypereosinophilic syndrome; MCD, mast cell
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disease; CBF, core binding factor leukemia; B-NHL, B-cell non-Hodgkin's lymphoma; BCR, B-cell
receptor; TCR, T-cell receptor; PTCL, peripheral T-cell lymphoma; ALL-T, T-cell acute lymphoblastic
leukemia/lymphoma.

More recently, clinical assays have begun to assess the cellular epigenetic state through the detection of methylated DNA,
which is typically analyzed after the methylated cytosines have been converted following deamination by bisulfite
treatment. Abnormalities in protein expression are commonly assessed using immunohistochemistry on fixed tissues, or
blotting or immunoassays on fresh samples. A more complete view of the genome can be obtained using conventional
karyotyping of chromosomes in fresh samples, or by fluorescence in situ hybridization (FISH) and genomic DNA
microarrays on fresh and fixed materials. These techniques are described in more detail in Chapter 3.

Polymerase Chain Reaction: The Indispensable Molecular Technique

From its first application to bacterial genetics in the early 1980s, PCR has been the central technique for amplifying genes
so they can be sized to look for pathogenic insertions or deletions; sequenced to look for base pair mutations; and labeled
with radioactivity, fluorochromes, or chromogenic moieties to use as probes in blots and reverse microarrays. The PCR
technique involves the sequential amplification by repeated cycles of DNA denaturation, reannealing, and polymerase
extension of DNA targets using flanking oligonucleotides (Fig. 4.1A). In the initial cycles of the PCR, the target is
exponentially amplified before gradually plateauing when the large amount of product present tends to favor reannealing
of double-stranded templates rather than primer binding/extension.

To detect the products that have been amplified by PCR, the reaction is typically run out on a solid agarose or
polyacrylamide substrate or gel. These PCR amplicons can be detected by a laser using capillary electrophoresis if one of
the primers has been labeled with a fluorochrome (Fig. 4.1B), or by slab gel electrophoresis followed by post-staining with
a DNA-binding dye (e.g., ethidium bromide) that can be visualized with ultraviolet light (see Fig. 4.2, Step 1). As described
above, if RNA is to be analyzed by PCR, it is first converted into cDNA in a technique known as RT-PCR.

If fluorescent probes are added into the reaction, real-time or quantitative PCR (qPCR) can be performed to calculate the
amount of an RNA or DNA target present in the initial sample. A common gPCR design is the TagMan short, gene-specific
probe that has a reporter fluorophore at its 5’ end and a quencher molecule at the 3’ end. The probe hybridizes to its
target amplicon during the annealing step of each PCR cycle and is then hydrolyzed by the 5’ exonuclease activity of Taq
polymerase during DNA extension. When the TagMan probe is hydrolyzed, the reporter fluorophore is detached from the
adjacent quencher molecule and fluoresces in an amount proportional to the degree of PCR product amplification. Thus,
as probe is bound to template and its reporter released by the polymerase extension, the detected fluorescence rises
exponentially.

In gPCR, the amount of initial target present in a PCR is backcalculated by observing the PCR cycle in which the
fluorescence signal first becomes detectable. This threshold cycle (Ct) can then be used for absolute or relative
guantitation. For absolute quantitation, the observed Ct is converted to a target copy number by plotting it on a standard
curve (log Ct vs. starting copy number) constructed from samples with a known target copy number (Fig. 4.1C). For
relative quantitation, target quantities are expressed relative to a co-amplified normalizer control (e.g., a highly expressed
housekeeping gene such as ACTB [B-ACTIN] or ABL1). The quantity is then represented as a relative ratio most commonly
the delta-Ct calculation: [relative quantity] = 2t °f gene target - Ctof reference gene)

A specialized form of qPCR used to detect single base pair changes in DNA is allele-specific (AS)-PCR. This method
compares the amplification levels of a PCR probe or primer that recognizes one allele versus the signal from a probe that
recognizes only the other allele. This same protocol can also be used to sensitively detect the level of mutated sequences
in neoplasms.19 This method can routinely detect the presence of a mutation down to 0.1% of the template in the sample
(Fig. 4.1D).

DNA Sequencing: The Technique Driving the Genomic Revolution

The DNA sequence of genes is built up from combinations of four nucleotides, adenine (A), cytosine (C), guanine (G), and
thymine (T), and their epigenetically modified variants, particularly 5-methylcytosine. DNA sequencing to determine the

base composition of the genome was first routinely applied in the late 1970s but has remained a difficult and expensive

technique until the last several years.

The accurate but costly gold-standard technique for determining DNA base composition, developed by Frederic Sanger, is
called the dideoxy chain termination method.’® After an initial PCR step to amplify the gene of interest, this method relies
on a second asymmetric PCR step in which stops in the PCR extension are randomly introduced at each position in the
product by adding fluorescently labeled chain terminating variants of the A, C, G, and T nucleotides, each terminating
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nucleotide being labeled with a different color (green, blue, black, and red). This range of DNA molecules each terminated
at a different position are then separated by size using electrophoresis and the sequence read by laser detection of the
terminally labeled nucleotide (Fig. 4.2).
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FIGURE 4.1. Polymerase chain reaction (PCR). A. A three-stage conventional PCR, with denaturation, annealing, and
extension steps. Components of the typical PCR are illustrated including a DNA template (e.g., target gene), unlabeled
nucleotides (ANTPs), a DNA polymerase to copy the templates and forward (F) and reverse (R) DNA primers, one of which
is fluorescently labeled (*). B. Fluorescent products from the above PCR are then detected by capillary electrophoresis.
Shown is a trace with a normally sized 167 base pair NPM1 gene product and an abnormal copy with a 4 base pair
insertion (171b) characteristic of acute myeloid leukemia. C. Quantitative PCR using the TagMan method with four
samples showing differing amounts of the target gene as indicated by Cts ranging from 23 to 39 cycles (arrows). A graph
showing 10-fold dilutions of a reference sample is plotted below, which are used to convert Ct in patient sample into copy
number. D. Design of a TagMan gPCR assay for detection of the JAK2 V617F mutation, with identical F and R primers but
two different fluorescent probes; the red one detecting the normal JAK2 sequence (“G” at that position), and a green
probe recognizing the mutated “T” sequence. The black 3’ moiety on the probes represents the quencher dye.

Newer generations of sequencing technologies that are much faster and cheaper to perform are currently replacing the
Sanger method and typically use a sequencing-by-synthesis approach. As each nucleotide is added to a growing chain of
DNA by the polymerase, its incorporation is detected by release of product or by its chemical or electrochemical

. 21,22
properties.””

Blotting and Array Methods

An alternate method for investigating DNA sequences is solid phase hybridization, in which enzymatically-digested total
genomic DNA or RNA from a cell (or specific PCR products) are size-separated using slab gel electrophoresis and then the
products are transferred in place from the gel to a nylon or nitrocellulose membrane. This membrane is hybridized with a
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labeled DNA probe that detects the gene target. The binding of that probe is then visualized using autoradiography or
colorimetric detection. In the Southern blot application, prior to electrophoresis genomic DNA is digested with one or
more restriction endonucleases that cut(s) within the gene(s) of interest, so that any disruption of the gene (by insertion,
deletion, or recombination) is detected by an alternately-sized banding pattern following electrophoresis and probing (Fig.
4.3).

Southern blot is a labor-intensive technique which typically requires several days. For this reason, currently the principal
uses of Southern blot in hematology are detecting deletions or amplifications in large genes and their enhancer control
regions, such as the globin genes in thalassemia. In these applications, the size of the chromosomal area to be
investigated and thus the number of DNA nucleotides to be analyzed are usually too large to be conveniently spanned by
PCR and PCR-based DNA sequencing.

A related blotting application is reverse hybridization, in which DNA sequences from a tumor or patient's normal DNA are
PCRamplified and then labeled and hybridized against an array of probes that have been spotted on a membrane or other
matrix. These applications are widely used to detect the specific strain of a particular virus present in a sample but in
hematology are mostly used for large scale cytogenetic microarray applications that are covered elsewhere in Chapter 3.

P.61
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Step 2: Cycle-sequence by PCR with chain terminator
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FIGURE 4.2. DNA Sequencing. Steps in the dideoxy chain termination (Sanger) method include: Step 1: Standard
polymerase chain reaction (PCR) to produce large amounts of a genespecific template, detected by slab electrophoresis
followed by ethidium bromide staining of the gel. Step 2: Unidirectional (or asymmetric) PCR using the template from the
first PCR along with either a forward or reverse primer in a reaction containing normal nucleotides mixed with chain
terminating A, C, G, and T bases. Step 3: The range of products from the asymmetric PCR which are terminated at every
possible base in the PCR amplicon are then separated by capillary electrophoresis and detected by a laser recognizing the
fluorochrome/nucleotide present at the end of products. Base-calling is performed using software which normalizes the
peak heights to produce the depicted electropherogram.

MOLECULAR DIAGNOSTIC APPLICATIONS IN HEMATOLOGY

The diagnosis of specific types of lymphoid and myeloid malignancies is discussed elsewhere in this volume, but here we
summarize generally how molecular techniques are used to assist in their diagnosis. The current schema for diagnosis of
hematologic neoplasms is the World Health Organization (WHO) Classification of Hematologic and Lymphoid Neoplasms.23
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This classification incorporates morphology and immunophenotypic features but also increasingly relies on molecular and
cytogenetic testing for definitive diagnosis.
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FIGURE 4.3. Blot hybridization. Steps in the Southern blot are illustrated for a reference and patient sample. See text for
additional explanation.

Molecular Diagnostics of Myeloid Neoplasms

Myeloid malignancies can be divided into myeloproliferative neoplasms (MPNs), in which the pathogenetic mutations do
not significantly impair cell maturation but instead drive growth, and acute myeloid leukemia (AML) and myelodysplastic
syndrome (MDS), in which maturation is impaired (see also Chapter 72).

MPNs show a range of recurrent chromosomal translocations, such as the BCR-ABL1 fusion in chronic myelogenous
leukemia (CML) that can be detected by RT-PCR as well as by FISH.”* In CML, levels of the BCR-ABL1 fusion transcript
detected by a realtime RT-PCR method are now used to monitor the course of CML therapy with imatinib and other drugs,
and to trigger a change in treatment in drug-resistant cases.” Given the importance of this test for clinical management,
significant progress has been made in standardizing both the PCR protocol26’27 and the reference materials used to
calibrate the BCR-ABL1 PCR assay.28 Mutations in the tyrosine kinase JAK2 are the most commonly detected pathogenetic
marker for a group of MPNs that include polycythemia vera, essential thrombocythemia, and primary myelofibrosis.29
Detection of the most common JAK2 mutation (V617F) can be done by AS-PCR, providing a highly sensitive method of
monitoring disease course in JAK2-mutated MPNs (Fig. 4.1D).

In AML and MDS, karyotypic findings along with hematologic parameters remain the principle determinants of diagnostic
classification and outcome prediction, as codified in WHO classification and the International Prognostic Scoring System
(IPSS) for MDS.”**%*"*? Some of the chromosomal translocations that occur in AML, such as the inv(16)/t(16;16) in acute
myelomonocytic leukemia and the t(15;17) in acute promyelocytic leukemias, are best monitored by RT-PCR.***
However, characteristic mutations, such as NPM1 duplications seen in a subset of normal diploid karyotype AML, can be
detected by PCR sizing assays (Fig. 4.1B).35 Other mutations provide important prognostic information in AML, including
activating insertions/duplications in the FLT3 receptor tyrosine kinase (RTK), which can be detected by PCR sizing assays;
and mutations in the KIT RTK, which can be detected by DNA sequencing (Fig. 4.4A,B). Another set of genes, including
TET2, IDH1, IHD2, KRAS, NRAS, EZH2, and ASXL1, are mutated in MPNs as well as AML and MDS, making a common
molecular panel useful for diagnosis and risk stratification in all myeloid neoplasms."’e‘37

Molecular Diagnostics in Lymphomas and Benign Lymphoid Expansions

The lymphoid neoplasms were the first tumor types to have a standardized diagnostic schema based on lymphocyte
maturation stage, beginning in the 1960s. The current standard for diagnosis
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in hematopathology, the WHO Classification of Hematologic and Lymphoid NeopIasms,23 represents an evolution and
integration of the previous largely separate efforts in morphology and molecular genetics.
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FIGURE 4.4. Detection of mutations in acute myeloid leukemia (AML). A. FLT3 duplication detected by PCR followed by
capillary electrophoretic fragment analysis. B. KIT mutation (D816V) in AML is illustrated by a double peak (boxed) in the
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lower electropherogram present in both forward and reverse sequences, as opposed to the single wild-type peak noted in
the reference unmutated sequence above. The method is dideoxy chain termination DNA sequencing, as in Figure 4.3.
Images courtesy of Dr. Zhong Zhang.

The general principle of classification in the WHO schema and its predecessors is to map neoplasms to the maturation
stage of the normal counterpart which they most resemble.*® Although this simplistic model does not account for all the
observed heterogeneity in lymphomas, it has been incredibly successful in placing tumor entities in a comprehensible and
easy to remember framework for diagnosis. Therefore, we summarize below how the genetic changes detected by
molecular diagnostics correlate with the morphologic groups of both mature and immature B-cell and T-cell neoplasms,39
with a more detailed review provided in Chapter 87.

Defining Molecular Events in Lymphoid Neoplasms

In acute lymphoid leukemia/lymphoblast lymphoma of B-cell lineage (ALL/LBL), these diagnostic changes include
chromosomal fusions that can be detected by RT-PCR, FISH, or by expression microarray.40 In T-cell lineage ALL/LBL,
diagnostic molecular events include mutations in the NOTCH1 gene41 and gene activation of HOX regulatory genes
through the chromosomal rearrangements that juxtapose the target oncogene next to the T-cell receptor (TCR) enhancer,
which selectively drives aberrant expression in the T-cell clone. The gene expression changes induced by oncogene
activation can also be detected with RNA expression microarrays.42

In mature B-cell ymphomas, chromosomal translocations that juxtapose a variety of different oncogenes next to an
immunoglobulin gene (Ig) enhancer (usually) are important initiating events and can be detected by PCR or FISH.* In
follicular lymphoma, Burkitt lymphoma, marginal zone lymphoma, and mantle cell lymphoma, these Ig-enhancer-driven
oncogenes typically include BCL2, MYC, MALT1, and Cyclin D1/CCND1, respectively (Table 4.3). Molecular variants of these
lymphomas that lack these classical translocations often activate homologous genes, e.g., the activation of Cyclin
D3/CCND3 in variants of mantle cell Iymphoma.44

In mature T-cell lymphomas, reciprocal chromosomal translocations are much less common, occurring generally only in
classical anaplastic large cell ymphoma and T-cell prolymphocytic leukemia. In these two neoplasms, PCR, FISH, or
immunohistochemistry to detect the abnormally expressed protein (ALK and TCL1, respectively) are diagnostic
modalities.* Recently, other translocations which affect signaling pathways have been identified.*® However, in other T-
cell neoplasms, gene instability resulting in multiple chromosomal alteration and gene mutations, similar to that seen in
poor-risk AML, is commonly seen. This finding suggests that genomic arrays may be useful diagnostic tests for these
uncommon tumors.*”*

Using Polymerase Chain Reaction to Detect B-cell and T-cell Clonality

One of the other key diagnostic issues in hematology is distinguishing benign lymphoid expansions, as seen in
autoimmune diseases and
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infections, from clonal proliferations associated with lymphoid leukemias and lymphomas. The core methodology in
making this distinction is multiparameter flow cytometry, which can determine even subtle emerging clonal expansions.
However, PCR analysis of the B-cell receptor (BCR) and TCR has an important ancillary role, especially when fixed tissue
specimens, which cannot be used for flow cytometry, are the only available samples.

TABLE 4.3 DIAGNOSTIC TESTS USED FOR THE WORKUP OF LYMPHOMA

Test type

All cases e Morphologic examination
e IHC or flow cytometry panel

Subtyping by FISH, PCR, or IHC FISH for D13/del13q, del17p13/TP53, del11g/ATM, CEP12
CLL/SLL
Mantle cell lymphoma Cyclin D1 IHC or t(11;14)/CCND1-IGH@ FISH
Follicular lymphoma BCL2/BCL6 IHC or t(14;18)/IGH-BCL2 FISH
Marginal zone lymphoma t(18g21;var)/MALTL FISH del7q FISH for splenic variants
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High-grade B-cell/Burkitt MYC; IGH@ BCL2; BCL6 FISH
ALCL ALK IHC or t(2;5)/ALK-NPM1

IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; PCR, polymerase chain
reaction; CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; ALCL, anaplastic
large cell lymphoma; ALK, anaplastic lymphoma kinase.

W — -

PCR step l $

Capillary
Electrophoresis % %

140 160

100 200 240 220 320
| |
! ]

A
|
U fll

1’;|‘". “l | "‘k:‘ 1,

H A A a A
L = | DS . N a AN ) W

One prominent band — monoclonal I ‘ Many small bands — polyclonal ‘

FIGURE 4.5. Principle of B-cell and T-cell clonality assessment by polymerase chain reaction (PCR). (Top) Schematic
representation of the immunoglobulin heavy chain (IGH@) gene locus following rearrangement in a B cell; the locations of
primers used in IGH@ PCR are indicated by the forward (F) and reverse (R) arrows with one labeled with a fluorochrome
(*). The variable region (V) segments are represented in orange, the diversity region (D) segments are represented in blue,
and the joining (J) region segments are shown in pink. A unique template-independent sequence is added to the VD and
DJ junctions in each individual precursor B cell during IGH@ rearrangement in the bone marrow. A similar process
involving the T-cell receptor happens in a precursor T cell in the thymus. (Middle) After PCR, a monoclonal B-cell
population characteristic of B-cell ymphoma shows a single predominant “clonal” VDJ amplicon of a particular size due to
all the B cells being derived from a common precursor cell. Polyclonal/reactive B-cell expansions show VDJ amplicons of
varying sizes derived from the range of different B cells in the population. (Bottom) The range of VDJ amplicons is
visualized by running the IGH@ PCR on capillary electrophoresis. The peaks are detected using the fluorochrome-labeled
PCR products run on capillary electrophoresis with the peak height proportional to the amount of PCR products of any
particular size. Red peaks represent internal size standards; blue peaks are from the IGH@ PCR.

B cells arise as precursors in the bone marrow called lymphoblasts or hematogones and then migrate into the peripheral
blood as long-lived naive forms, a process that is largely completed in childhood. Further maturation of B cells is
dependent on recognition of an appropriate antigen that binds to a specific antibody molecule, also known as the BCR,
comprised of immunoglobulin heavy chain (IGH@) and one of two types of immunoglobulin light chain (IGK@ or IGL@).
Similarly, precursor T cells arise in the bone marrow and migrate to the thymus early in development, where they
rearrange their TCR to produce a unique clonotypic TCR in each precursor T cell and all of its progeny.

The basis of B-cell and T-cell clonality determination by PCR is that since clonal lymphoid expansions arise from a single
founder cell, all cells in that expansion will share the same BCR or TCR, which has a particular size following PCR. The
structure of the TCR or BCR in a precursor lymphocyte is determined by the process of VDJ recombination that occurs in
the DNA during lymphocyte maturation. Due to variation in the size of the diversity (D) region between the variable (V)
and joining (J) segments, all cells within a clonal B-cell proliferation will have an identically sized IGH@ gene
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rearrangement that can be detected by PCR (Fig. 4.5). In contrast, mixed/polyclonal non-neoplastic B-cell expansion will
have IGH@ PCR products of varying sizes, giving a normal distribution of PCR products. A similar process occursin T cells,
with PCR for either the TCR-gamma or TCR-beta gene used to determine the presence of a clonal, oligoclonal, or
polyclonal T-cell expansion.49

Standardized protocols for IGH@, IGK@, TCRG@, TCRB@ PCR have been developed,‘r’o’51 and these can be performed on
fresh cells isolated from blood or bone marrow aspirate or from fixed tissue sections. Also, given the exquisite sensitivity
of PCR, very small samples (such as minute amounts of cerebrospinal fluid) can be used to detect clonality in limited
samples.

Minimal Residual Disease Testing for Leukemias and Lymphomas

One of the principal benefits of real-time PCR is that it is both a highly sensitive and quantitative technique to track
residual disease.””>’ If a PCR assay can be designed to selectively amplify an initiating molecular aberration in a
leukemia or lymphoma, then a highly sensitive and specific PCR assay can be designed to track disease levels over the
treatment course and to monitor for relapse (Table 4.4). The mostly widely used group of these PCR assays are those to
detect fusion transcripts in leukemias, including BCR-ABL1 in CML, PML-RARA in acute promyelocytic leukemia, and MLL
and ETV6-RUNX1 fusions in lymphoblastic leukemia.””**

Similarly, mutation-specific PCRs that detect only the mutant but not the wild-type base pair changes can be used when
specific point mutations characterize the molecular pathogenesis of a tumor, such as JAK2 mutations in MPNs> and FLT3
and NPM1 mutations in a subset of AML.>**” This PCR MRD approach is limited to those mutations that occur early in the
disease course, since mutations occurring later may be present only in subclones that disappear or evolve under
treatment. Deep sequencing using
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next-generation platforms shows promise for a more comprehensive approach to the use of mutations for MRD analysis.58
TABLE 4.4 TYPES OF MOLECULAR MONITORING ASSAYS FOR LEUKEMIAS AND LYMPHOMAS

Disease Types

Methodology Examples (References)

Fusion transcript RT-PCR BCR-ABL1, PML-RARA, CBFB-MYH11

(RNA) RUNX1-RUNX1T1 NPM1-ALK, BIRC3-  CML, AML ALL/LBL

MALT1 Lymphoma

Translocation detection by PCR IGH@-BCL2 Follicular lymphoma®

of DNA

Leukemia-associated NPM1, FLT3 AML

quantitative mutation detection

Leukemia-associated elevated BAALC, WT1 AML*

gene expression

Clone-specific IGH PCR IGH@ VDJ/FR3 custom-designed primers Lymphoblastic
leukemia®®

Surrogate markers EBV and HHV8 viral load Virus-associated
lymphomas

RT-PCR, reverse transcriptase polymerase chain reaction; CML, chronic myelogenous leukemia;
AML, acute myeloid leukemia; ALL/LBL, acute lymphoid leukemia/lymphoblastic lymphoma of B-
cell lineage; IGH, immunoglobulin heavy chain; EBV, Epstein-Barr virus; HHV, human herpesvirus.
Finally, highly complex, leukemia-specific MRD qPCR assays can be designed for B-cell and T-cell neoplasms which rely on
designed primers based on the specific TCR or BCR expressed by a patient's tumor.>® These types of assays, if well-

designed, provide the most sensitive methods available for tracking low-levels of residual ALL/LBL, but given their expense
have not been widely implemented.
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MOLECULAR DIAGNOSIS IN THE NEXT 5 YEARS: THE COMING ASSAYS AND METHODOLOGIES

The above methodologies have evolved relatively slowly, giving practicing hematologists time to integrate these methods
into the routine workups. However, the large number of new high-throughput testing methodologies that are likely to be
implemented in the next few years, particularly single nucleotide polymorphism arrays and genomic sequencing
identifying both germline and somatic mutations, may be more difficult to integrate into routine clinical practice. These
methodologies will require integrating complex datasets to derive a treatment plan including:

e interpreting how advanced sequencing panels will be used to relate diagnosis to treatment selection and a
molecular monitoring strategyso;

e integration of acquired and germline polymorphisms into further understanding of bone marrow failure®;

e combining single cell analysis using flow cytometry with molecular profiles to characterize normal and abnormal
62
stem cells.
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Chapter 5

Origin and Development of Blood Cells
Andrew Chow

Paul S. Frenette

BLOOD CELLS

The blood contains several different types of cells. Each of these cell types is quite distinct in appearance, and each has a
specific biologic function. Erythrocytes are anucleate, biconcave discoid cells filled with hemoglobin, the major protein
that binds oxygen. Erythrocytes transport the respiratory gases oxygen and carbon dioxide. Granulocytes and monocytes
are cells that can exit from blood vessels and migrate into many tissues. These two cell types play key roles in
inflammation and phagocytosis. Platelets are very small, anucleate cells that contain molecules required for hemostasis. In
addition, platelets provide hemostasis through their abilities to adhere, aggregate, and provide a surface for coagulation
reactions. Lymphocytes mediate highly specific immunity against microorganisms and other sources of foreign
macromolecules. B-lymphocytes confer immunity through the production of specific, soluble antibodies, whereas T
lymphocytes direct a large variety of immune functions, including killing cells that bear foreign molecules on their surface
membranes. Despite these extreme structural and functional differences among the cells of the blood, strong evidence
exists that the vast majority of blood cells are the progeny of a single type of cell: the hematopoietic stem cell (HSC). The
processes involved in the production of all of the various cells of the blood from the HSCs are collectively called
hematopoiesis. Hematopoiesis includes HSC self-renewal, HSC commitment to specific lineages, and maturation of
lineage-committed progenitors into functional blood cells. Self-renewal may occur by symmetric HSC division, such as
expansion of the HSC pool during fetal life or post-HSC transplantation. Other possible fates of HSC divisions include
apoptosis or mobilization to the peripheral circulation following stress such as growth factor stimulation or depletion of
marrow cells by irradiation or chemotherapy. During normal steady-state conditions, HSCs reside mainly in the marrow
cavity, but under certain stress conditions, HSCs can migrate and colonize other organs such as the liver and spleen in a
process termed extramedullary hematopoiesis.

Hematopoiesis begins early during embryogenesis and undergoes many changes during fetal and neonatal development.
Unlike some organ systems that form in early life and are not continually replaced, turnover and replenishment of the
hematopoietic system continue throughout life. Cells of the blood have finite life spans, which vary depending on the cell
type. In humans, granulocytes and platelets have life spans of only a few days, whereas some lymphocytes can exist for
many months. Cells are replaced as the older cells are removed and the newly formed, mature cells are added. The
numbers of the various cell types in the blood are normally kept in relatively constant ranges. In particular, variations in
the erythrocyte number are normally minimal, and values 30% above or below the norm for the population have
significant health effects. Although the numbers of other blood cell types are not as constant as the number of
erythrocytes, the production of other blood cells is also highly regulated. The regulation of hematopoiesis is complex.
Some regulatory factors influence overall hematopoiesis by affecting very early progenitor cells: the HSCs and/or their
progeny that have not undergone commitment to a single cell lineage. Also, specific regulatory growth factors play key
roles in fostering the production of cells of each lineage. Lineage-specific regulation is necessary because of the widely
varying life spans and functions of the different mature blood cell types.

This chapter presents an overview of hematopoiesis. Many conclusions presented here are based on experiments carried
out in murine systems. All cell lineages that compose blood will be discussed. Some cell types such as dendritic cells and
mast cells are derived from the HSCs but are found mostly in tissues rather than blood, where the final steps of
differentiation occur. Figure 5.1 is an illustration of the cell types that constitute the hematopoietic spectrum.
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ORIGIN OF HEMATOPOIESIS
Sites of Hematopoiesis

During prenatal development, the sites of hematopoiesis change several times in the mouse™ and ® and human®* (Fig.
5.2). Since better characterized in mice (Fig. 5.2A) than humans (Fig. 5.2B), the discussion below will focus on murine
developmental hematopoiesis. In humans and other vertebrates, the first hematopoietic cells arise during late
gastrulation in the extraembryonic yolk sac (YS) in structures known as blood islands. This initial hematopoiesis is termed
primitive hematopoiesis and serves a supportive role to rapidly produce erythroid cells, platelets, and macrophages prior
to the formation of the circulatory system. Primitive hematopoiesis is transient, occurring on embryonic
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days 7.25 (E7.25) through 13 (E13) in mice and day 19 through week 8 in humans. Primitive erythrocytes, which are the
first embryonic hematopoietic cells, are large nucleated cells morphologically resembling erythrocytes of phylogenetically
lower primitive vertebrate groups, such as birds, amphibians, and fish. These primitive erythrocytes have reduced
erythropoietin (EPO) requirements during their development compared to definitive erythroid cells® that develop later.
Also unlike their definitive counterparts, primitive erythrocytes typically circulate as nucleated cells before enucleating,
and additionally express ¢, BH1, and &y globin genes.s’7 These cells and primitive platelets8 derive from a primitive bipotent
megakaryocyte erythroid progenitor found in the yolk sac in mice (E7.25) and humans.”'® Along with maternally derived
macrophages (M) that exist, but are declining in numbers, in the yolk sac at E8, two other M® progenitors exist in the
yolk sac: one with strictly MO potential
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and one with bipotential for M® and erythrocytes.11 Importantly, since circulation does not commence until E8.25, this
indicates in situ MO development in the yolk sac. Thus, primitive hematopoiesis in the yolk sac provides the developing
embryo with three crucial hematopoietic cell types prior to contribution from multipotent stem cells deriving from
definitive hematopoiesis (see below).
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FIGURE 5.1. Cells of the blood and lymphoid organs and their precursors in the bone marrow. CMP, common myeloid
progenitors; DC, dendritic cells; EB, erythroblast; GMP, granulocyte macrophage progenitor; HSC, hematopoietic stem cell;
MDP, macrophage dendritic cell progenitor; MEP, megakaryocyte erythrocyte progenitor; MK, megakaryocyte; Mg,
macrophage; mono, monocyte; MPP, multipotent progenitors; RBC, red blood cell; Retic, reticulocyte.
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FIGURE 5.2. Sites of hematopoiesis. A: Sites of mouse hematopoietic development. AGM, aorta-gonad-mesonephros; Sp,
splanchnopleura; YS, yolk sac. B: Sites of human hematopoietic development.

Since the first hematopoietic cells arise in the extraembryonic yolk sac, it was widely believed in the 1970s that the first
HSCs developed in the yolk sac. However, experiments in avian chimeras demonstrated for the first time that although the
YS had early contribution, the hematopoietic cells present in the stages closer to birth were exclusively derived from the
intraembryonic com partment.12 Similar avian chimeric experiments subsequently demonstrated that the intraembryonic
compartment, rather than the YS, was the exclusive source of B and T cells in the adults.” Godin and colleagues
subsequently demonstrated in mice that the aortic region of E9 embryos, but not YS precursors, were capable of
contributing to B cells in irradiated adult recipients.14 In the same journal issue, Medvinsky, Dzierzak, and colleagues
demonstrated that the E10.5 AGM (aorta-gonad-mesonephros) region had substantially higher and earlier onset of CFU-S
activity, an early coarse assay for multipotency, compared to YS cells.”” Soon afterward, Dzierzak's group demonstrated
the ability of E10.5 AGM precursors to provide long-term multilineage reconstitution activity (LTR) in lethally irradiated
adult mice.'® Together, these seminal publications affirmed the intraembryonic contribution to adult mammalian
hematopoiesis.

Since the AGM region above was harvested after the establishment of circulation (E8.25), migration of HSCs from a
separate undescribed site of origin could not be excluded. To investigate whether HSC development occurred de novo in
the AGM, the E8 splanchnopleura (Sp, the future site of the AGM) and the concomitant yolk sac, neither of which have
LTR activity, were cultured. While the cultured Sp and YS both produced hematopoietic cells, confirming two independent
waves of hematopoietic generation, the YS progenitors were unable to produce lymphoid progeny or have LTR
activity.”’18 Further dissection of the AGM determined that most of the HSC activity is found in hematopoietic intra-aortic
clusters found on the ventral wall of the dorsal aorta.> HSC activity is also found in the proximal vitelline and umbilical
arteries, although these sites have been less characterized. Two reports from the Dzierzak and Mikkola groups established
that the placenta represents a previously overlooked major site of hematopoiesis in which HSC emergence parallels that
of HSC appearance at E10.5 in the AGM."? |n fact, when LTR HSCs are enumerated, there are 25-fold more LTR HSCs in
the placenta than in the AGM." Since the placenta is directly upstream of the fetal liver circulation and since the dramatic
expansion of HSC in the FL mirrors that of the placenta, it has been proposed that the placenta is at least a major
contributor of LTR HSCs. It has also been proposed that the placenta is a site of de novo HSC emergence independent from
the AGM. Indeed, explant and stromal co-culture experiments of mesodermal tissue of the placenta prior to the
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establishment of circulation demonstrated erythroid and myeloid potential.”*** The concept of a de novo generated HSC

was bolstered by in vitro culture of E8-9 placenta from Nex1” animals, which lack a heartbeat and die by E10.5. Without
circulatory contribution, the midgestation site had definitive hematopoietic cells with myelo-erythroid and lymphoid
potential.”> Although LTR HSC cannot be isolated from the placenta of Nex1” animals because of developmental
retardation and death by E10.5, these experiments show that definitive hematopoiesis emerges in this organ de novo.
Whether the AGM, uterine and vitelline arteries, placenta, or a combination of the above are the genuine origin of HSCs,
this LTR activity around E10.5 represents the start of definitive hematopoiesis.

Once definitive hematopoiesis begins, lymphocytes, monocytes, granulocytes, and platelets are formed as well as
definitive erythrocytes. At E10, hematopoietic cells (both primitive and definitive) colonize the fetal liver (FL). Dramatic
expansion of HSCs occurs at this site (daily doubling in absolute numbers of HSC from E12.5 to E14.5).* Eventually, LTR
HSCs migrate from the fetal liver to the bone marrow via the circulation, and the bone marrow becomes the primary site
of hematopoiesis, with a very small reserve of stem cells remaining in the liver. In the late stages of mammalian fetal
development, the bone marrow becomes the main site of hematopoiesis. In humans, the bone marrow is the exclusive
site of postnatal hematopoiesis under normal circumstances, whereas in the mouse, the spleen is also a hematopoietic
organ throughout life.

Cellular Origin of Hematopoiesis

The cellular intermediates through which mesodermal tissue gives rise to hematopoietic tissue in embryonic development
is an area of intense investigation. One candidate cellular ancestor is either (a) a mesoderm-derived bipotent
hemangioblast capable of giving rise to either vessels and blood cells or (b) a specialized vascular cell type, called
hemogenic endothelium, that serves as a precursor for blood cells. A non-mutually exclusive origin points to HSC
derivation from mesenchymal tissue below the endothelial layer. Cytologic analyses of the AGM provide evidence for both
endothelial-derived and sub-endothelial-derived HSCs through identification of HIACs and subaortic patches (SAPs),
respectively.2 The strict temporal overlap in the appearance at E10.5 and disappearance at E12.5 of HIACs and SAPs
suggests that HSCs derived in SAPs can potentially transendothelially migrate to form HIACs prior to release into the
bloodstream.” Keller and colleagues definitively showed that a bipotential hemangioblast could be found in the posterior
region of the primitive streak in vivo.”> However, until recently, the existence of a bona fide endothelial intermediate had
been under debate. Supportive of an endothelial origin of HSCs is the presence of numerous vessel markers on AGM HSCs,
including CD31, VE-Cadherin, and Tie-2.2 Furthermore, AGM HSCs and endothelial cells in the ventral wall of the E10-E11
dorsal aorta both express Ly6A (Sca-1), c-Kit, CD34, Runx1, SCL, and GATA-2.! Fate mapping studies elegantly showed that
VE-cadherin expressing endothelium contributes to AGM and adult HSCs, while lineage tracing of subendothelial
mesenchyme with Myocardin-Cre animals did not result in labeling of HSCs.® Subsequently, novel imaging studies of
embryonic stem cell-derived mesodermal cells demonstrated a hemogenic endothelial intermediate in the formation of
blood cells. ”*® Morever, when Runx1, an essential gene in definitive hematopoiesis, was specifically deleted in VE-
cadherin-expressing cells (endothelial and hematopoietic cells), but not Vavl-expressing cells (only hematopoietic cells),
there was a severe disruption in hematopoietic development that was associated with 65% fetal Iethality.29 Finally, Nancy
Speck's group recently showed that expression of core binding factor beta (CBFp) in Ly6a-expressing hemogenic
endothelium was sufficient for HSC formation.* Together, these observations have supported the concept of blood cell
development commencing with mesodermal cells that pass through hemangioblastic and hemogenic endothelial
intermediates.

Common Critical Genes in Independent Origins of Hematopoiesis

Gene knockout experiments have provided significant insight into the critical regulators of embryonic hematopoiesis. In
both primitive and definitive hematopoiesis, Bmp4, Flk1, Tal1/Scl, Lmo2, Gata2, and Runx1 are all critical for HSC
generation.2 Bmp4 (bone morphogenetic protein 4) is a critical signaling molecule
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to specify the dorsal-ventral axis in development. Although the posterior portion of the epiblast in development is fated to
give rise to hematopoietic activity, the neurally fated anterior fragment can retain the ability to produce hematopoietic
cells by addition of Bmp4.31 Bmp4 is crucial for hematopoietic development as Bmp4-deficient embryos mostly die around
the gastrulation stage, and those that do survive have less yolk sac mesoderm and less lateral plate mesoderm (from
which the AGM will develop).gz’33 In definitive hematopoiesis, Bmp-4 is expressed by endothelial cells in the ventral
portion of the developing dorsal aorta and the subjacent mesoderm.’ Using murine ES cells, it was recently shown that
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Bmp4 is necessary for mesodermal precursor expression of the receptor tyrosine kinase Flk-1 and the bHLH transcription
factor Tal-1/SCL.>*

The initiation of yolk sac hematopoiesis is dependent on the mesoderm and endoderm layers acting in concert, as soluble
factors from endoderm substantially bolster the production of endothelial and hematopoietic cells by murine YS
mesoderm explants.”® One of the candidate soluble factor interactions is VEGF derived from endoderm and its receptor
FIk1 on the mesoderm.*®*” Indeed, FIk-1-deficient embryos do not develop vessels or YS blood islands and die in utero
between E8.5 and E9.5.% To overcome this early developmental mortality, Shalaby and colleagues performed
complementation studies with chimeras of FIk-1"" and FIk1” ES cells and demonstrated convincingly that Flk-1 is also
required for the generation of definitive endothelial and hematopoietic cells.* It was later shown that Flk-1 signaling
appears to not be required intrinsically for endothelial and hematopoietic formation, as FIk1” ES cells are able to give rise
to endothelial and hematopoietic lineages in vitro*®*!; instead, FIk-1 is likely required for the migration of mesoderm cells
from the posterior primitive streak to the yolk sac.*” In concordance with the importance of the VEGF-FIk-1 signaling axis,
VEGF derived from the visceral endoderm (but interestingly, not mesoderm) is sufficient for endothelial and
hematopoietic differentiation.*

The transcription factor Tal-1/5cI**** and ** and the transcriptional regulator Lmo2* are both expressed in the yolk sac

mesoderm prior to the onset of primitive hematopoiesis and then subsequently expressed in both endothelial and
hematopoietic cells. Gene knockout of both TaI-1/ScI47’48 and Lmo2™ results in decreased endothelial cells and abrogates
YS blood cell production. These genes are also critical for definitive hematopoiesis, as demonstrated by complementation
studies with ES cells chimeras.*®*" and ** Gata-2-deficient animals have severely impaired primitive hematopoiesis and die
at £10.5.> Gata2 haploinsufficient embryos have normal yolk sac hematopoiesis,54 but have a reduction in AGM HSCs,
which is consistent with its expression on aortic endothelium® and its proposed role in the expansion of hemogenic
endothelial progenitors.55 Runx1 has also been demonstrated to be crucial in definitive hematopoiesis, as Runx1
invalidation abrogates definitive myeloid, lymphoid, and HSC accumulation in the YS, AGM, and fetal liver.>**” and
Runx1 is thought to be crucial cell autonomously, as complementation studies fail to demonstrate hematopoietic
contribution by Runx1-null ES cells.”” While Runx1 was initially thought to be dispensable in murine primitive
erythropoiesis, recent studies have recently shown that the morphology and gene expression of erythrocytes are aberrant
in Runx1-deficient animals.>

HEMATOPOIETIC STEM CELLS

58

Age of Morphologists

Fascinating accounts of the history of experimental efforts in hematopoiesis are presented in Wintrobe's Blood, Pure and
Eloquent.ﬁo’61 One milestone in understanding the origins and development of blood cells was the recognition by
Neumann and Bizzozero in the mid-nineteenth century that the bone marrow is a site of red blood cell production
throughout postnatal life. Another major advance made in the late nineteenth century by Paul Ehrlich, Artur Pappenheim,
and others was the application of synthetic dyes and various staining/fixing techniques that led to precise morphologic
characterization and classification of blood and marrow cells. A third milestone was the development of the idea of a
multipotent stem (ancestral) cell that gives rise to all of the mature blood cell types through extensive proliferation and
differentiation. By the use of refined staining methods, Pappenheim observed various transitional cells and organized
them into a relational scheme—a tree whose various branches when traced backward converged to a mononuclear cell
that had none of the distinct features of the end-stage blood cells or the transitional stages. He proposed the notion that
this cell was so morphologically primitive that it could be the common ancestor of all blood cells. Although most
morphologists between 1900 and 1940 accepted the idea of ancestral cells in a hematopoietic series leading to
progressively more mature types, there was much debate about how many ancestral cell types existed. Many workers
believed that lymphocytes had a separate origin from myeloblasts and thus that there were dual or perhaps plural
ancestral cells. Reviews of the conflicting concepts of the origin of hematopoietic cells as of the late 1930s are presented
in detail in Handbook of Hematology.62

Advent of Hematopoietic Progenitor Transplantation

In the late 1940s and the 1950s, several new approaches were developed to study hematopoiesis. Among them were
radiation exposure followed by grafting of hematopoietic tissue, development of chromosome cytogenetics, and use of
radioactive materials. Lorenz et al.®* showed that mice and guinea pigs can be protected against otherwise lethal whole-
body irradiation by injections of bone marrow from other animals of their respective species. Ford et al.* used bone
marrow from donor mice that had a morphologically identifiable chromosomal marker to show that hematopoiesis in the
irradiated recipient mice was reconstituted by cells from the donor marrow—that is, the protected animals were chimeras
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with respect to their hematopoietic tissues. These experiments did not settle the question about how many types of
ancestral cells there were, but experiments generating radiation chimeras have since been used with great power to study
the nature of stem cells and their progeny.

Till and McCulloch® used radiation/grafting experiments to prove directly the existence of an ancestral cell with
multilineage potential. In spleens of mice at 1 week after transplantation, they found growth of macroscopic colonies
containing cells of multiple hematopoietic lineages. These colonies were the progeny of individual transplanted cells that
were called colony-forming units spleen (CFU-S). Because the cells in these spleen colonies could, in turn, be injected into
secondary, irradiated mice and give rise to spleen colonies, the CFU-S apparently replicated themselves within the
colonies. When the observation time for CFU-S assays was extended from 1 to 2 weeks after transplantation, a series of
evanescent colonies was found, and those appearing on later days had greater self-replication and multilineage
differentiation capacities.%'67 Early studies could not demonstrate lymphoid cells in spleen colonies,®®® but more recent
studies indicate that CFU-S colonies contain lymphoid progenitors as well as myeloid progenitors.70 Several studies
showed that cells with the capacity for long-term hematopoietic reconstitution of irradiated mice can be separated from
most CFU-S by size and density.71 Thus, many CFU-S, although multipotent, do not have long-term repopulating capacity.
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Definitive Evidence for a Multipotent Stem Cell

Animal reconstitution experiments with hematopoietic cells that were individually genetically marked have verified the
existence of HSCs and demonstrated their capacity for extensive selfrenewal.””” In these marking experiments,
hematopoietic cells were infected in vitro with a recombinant retrovirus that was able to integrate its DNA (provirus) into
a cell but could not replicate and spread to other cells. The one-time, random integration of the provirus into the DNA of
an individual cell provides a specific marker for the progeny of that cell that develop in an animal after transplantation.
Random integration assures that each provirus has unique flanking sequences of DNA and thus has a high probability of
yielding a DNA fragment of a distinguishable size after cutting with a restriction enzyme that does not cut the provirus.
Several months after transplantation of the genetically marked cells and establishment of hematopoiesis, it is typically
observed that all types of cells in the blood and lymphoid organs contain progeny of an individually marked cell, proving
that it was multipotent. Often, these clones of marked cells continue to contribute to all of the hematopoietic lineages in
the animal for an extended period. Also, when these primary recipient animals are subsequently used as donors for
secondary recipient animals, frequently the same clones of HSCs are apparent in these secondary recipients. This
persistence can even be demonstrated in tertiary recipients.74’75 Thus, clearly many HSCs reproduce themselves (self-
renew) over a long period. Long-term reconstitution of the myeloid and lymphoid compartments can be achieved by
transplantation of a single murine Hsc,”®77’8 indicating that a single HSC is the smallest repopulating unit. Dick and
colleagues recently demonstrated that a single cell transplant of human CD34" CD38 CD45RA” Thy1® Rho" CD49f" cells
into immunocompromised mice was able to provide multilineage reconstitution,”” indicating that the HSC is also the
smallest repopulating unit in humans.

It has been noted that not all HSC clones are long lived; some produce progeny for varying periods and then apparently
become extinct. Finally, marked clones have been observed to begin contributing to hematopoiesis after some period of
post-transplantation latency, indicating that dormancy is possible. Thus, these studies have demonstrated that, after
transplantation, some HSCs contribute continuously to hematopoiesis for a long time—in mice, apparently for the whole
lifetime of the animal. Other HSCs contribute and then become extinct, and finally, some may remain dormant for some
period and then contribute. Additional transplantation studies of marked HSCs in mice® have suggested that polyclonal
hematopoiesis is more common and that long-term contribution by individual stem cells is more rare than the earlier
studies indicated.”*”® Recent novel technologies combining viral barcoding and high throughput sequencing of HSC
confirmed this polyclonal contribution of HSCs.®" Studies using retroviral insertion site analyses for larger animals,
particularly non-human primates, have provided some evidence of polyclonal hematopoiesis.sz'&’"84 To what extent these
possible behaviors are manifest in normal, nontransplanted mice or larger animals is not clear.

Enrichment of Hematopoietic Stem Cells

The identification of relatively immature HSCs from more committed progenitor cells on the basis of various physical
properties, immunophenotypic markers, and functional attributes has greatly advanced the field of hematopoiesis.85 HSC
markers that are expressed from fetal stages through adult life include CD34, CD31 (PECAM1), and Kit, but these markers
can also be identified in endothelial cells.®® In humans, CD34", CD38", CDI0 (Thy-1)*, CD45RA  cells that are negative for
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lineage markers (CD2, CD3, CD4, CD7, CD8, CD10, CD11b, CD14, CD19, CD20, CD56, CD235a) are considered highly
enriched for in vivo repopulating H5Cs.®”*® In mice, there is no single consensus panel of HSC markers to identify,
enumerate, and sort HSCs. Many markers derive from work by Weissman's lab, which proposes the combination of Sca-1
(Ly-6A/E)", Kit", FIk2", CD90 (Thy-1)" and negative for lineage markers (CD3, B220, Mac-1, Gr-1 and Ter119) as a highly
purified population enriched for in vivo repopulating HSCs***°*?* (Table 5.1). Nakauchi's group subsequently showed the
enrichment of long-term repopulating activity in the CD34" fraction.”® In 2005, Morrison's group developed a novel
marker set to identify highly enriched HSCs. They demonstrated that signaling lymphocyte and activation molecule (SLAM)
markers were found to be differentially expressed on BM Lineage Sca-1" c-kit" populations such that CD150" CD244” CD48
CD41" was the population enriched for murine HSC in vivo repopulation capacity.93 Since the aforementioned phenotypic
descriptions involve the use of multiple markers, which are moreover not exclusively expressed on HSC, Mulligan's group
proposed the use of endothelial protein C receptor (EPCR, CD201) as a novel “explicit” marker of HSC, since HSCs express
high levels of EPCR, while downstream progenitors express only intermediate levels.* Importantly, prospective isolation
with only EPCR enriched for hematopoietic reconstitution activity. The most immature HSCs with in vivo hematopoietic
repopulation potential are detectable within the CD150°CD244 CD48 population. Other studies have pointed to CD105
(endoglin) as an enriching marker for HSCs.”>*° In addition to immunostaining, HSCs can also be identified by the ability of
HSCs to efficiently efflux dyes. The most common methods utilize the dye Hoescht 33342, which when excited at two
wavelengths yields a characteristic “side population” on flow cytometry97 due to dye efflux.

TABLE 5.1 FLOW CYTOMETRIC DEFINITIONS OF HSCs, MPPs, AND SINGLE LINEAGE PROGENITORS

Population Phenotype Reference
Hematopoietic stem Cell (HSC) Lin" Sca-1" Kit" FIk2" CD34 76, 89
CD90 (Thy-1)* 91, 92
CD150" CD244 CD48" 93
EPCR" 94
Hoescht 33342 Side Population® 97
Hoescht 33342 Side Population® CD105" 95
Lin" Sca-1*, Kit" CD105" CD150" 96
Multipotent progenitors (MPP) Lin" Sca-1" kit Thyl- FIk2* 90
Lin" Sca-1" kit CD150" CD105 96
Common lymphoid progenitor (CLP) Lin" Sca-1" Kit"® Thy1" IL-7R* 183
Common myeloid progenitor (CMP) Lin" Sca-1” Kit" FcYR™ CD34" 184
Granulocyte macrophage progenitor (GMP) Lin Sca-1" Kit" FcYR"™ CD34" 184
Megakaryocyte erythrocyte progenitor (MEP) Lin" Sca-1" Kit" FCYR CD34 184
Macrophage dendritic cell progenitor (MDP) Lin Sca-1" Kit" FIk2* CXsCR1" 185
CD115"

Lin", Lineage negative (Grl' CD11b" CD3 B220" Ter119); Sca-1, stem cell antigen 1; FIk2, fms-like
kinase 2; CD, cluster of designation.
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With the advances in technology, procedures have been developed to enrich greatly the proportion of HSCs in isolated cell
populations from mouse, human, and other sources. In mice, with immunophenotyping alone, 50% to 96% of
prospectively isolated HSCs have long-term repopulating activity.98 Isolation of candidate HSCs based on phenotypic
markers expressed on the cell surface was first tested in congenic mouse transplantation models and subsequently
purified human HSCs were successfully transplanted in a xenogeneic immunodeficient mouse model.* The successes in
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mouse models have led to three human phase | clinical trials that successfully demonstrated sustained hematopoiesis
when HSCs purified by immunophenotyping were transplanted into irradiated patients.”'* and ***

Hematopoietic Stem Cell Assays

While immunophenotyping is the only feasible option for human HSC therapeutics because of a narrow window for
successful transplantation, reliance on surface markers has the major limitation that different clinical scenarios may
modulate the expression of utilized markers. For example, the content of long-term repopulating HSCs within the same
immunophenotyped Lineage Sca-1" c-kit™ (LSK) ThylIO fraction can change in aged mice, previously transplanted mice, and
mobilized mice.'” Reliability of CD34 in mice of various age has also been questioned.103 Use of the CD150" CD48" gating
scheme, rather than Thy1, with LSK gating retains the fidelity in frequency of long-term repopulating HSCs in aged,
transplanted, and mobilized mice. %2 Nonetheless, it still is unknown if the SLAM markers retain fidelity in mutant mice.
Moreover, other surface markers can also be modulated by environmental cues. This is illustrated by the Sca-1
upregulation that occurs in inflammatory settings likely secondary to type | interferon exposure,w“’105 which can
erroneously lead to conclusions about HSCs based on a population of committed progenitors that artifactually acquired
the Sca-1 antigen. Furthermore, not all mouse strains express the prospective HSC antigens, such as Thyl.1 or Sca-1."%%'%
Thus, conclusions drawn about HSCs in mouse or man need to be verified by functional assays in order to demonstrate (a)
multipotency and (b) long-term repopulation. There are numerous assays with differing levels of stringency, limitations,
and appropriateness to the question being addressed, as recently reviewed.”®

Long-term In Vitro Assays

In humans and mice, two types of progenitor cells called long-term culture initiating cells (LTC-ICs) and cobblestone area-
forming cells (CAFC) can be detected using long-term cell culture assays. Since most committed progenitors have
differentiated by 3 weeks in culture, they can be quantified by counting colonies at this time. The various progenitors
guantified by in vitro assays are shown in Table 5.2. By 5 weeks or more of long-term culture, more immature progenitors
that are dormant during the initial weeks but which possess extensive proliferating capacity continue to proliferate.
Counting colonies at these later time points allows quantification of the number of more immature progenitors at the
time of culture initiation. One type of long-term culture assay detects early-stage hematopoietic progenitors that are
capable of initiating long-term hematopoiesis in culture after seeding them onto irradiated stromal cell monolayers
(humanlos’mg; mousem’m). These LTC-ICs™® sustain production of multilineage progenitors for 4 to 6 weeks. In some
instances, these cultures have been extended for more than 10 to 12 weeks. ™3 This continued production of
hematopoietic progenitors of multiple lineages in individual cultures is measured after several weeks by harvesting the
cultured cells and doing secondary assays for various types of lineage-committed progenitors. Long-term cultures require
a supporting stromal monolayer that is commonly generated from bone marrow-derived mesenchymal or fibroblast cells.
The stromal layer supports the proliferation and differentiation of seeded hematopoietic progenitor cells, but at later
times, it sloughs from the culture dish and fails to sustain continuation of the culture. In CAFC assays, islands or colonies of
hematopoietic cells can be recognized morphologically in situ.”° These cobblestone colonies integrate within the
supporting stromal layer, forming clusters of flattened, optically dense, morphologically homogenous-appearing cells
tightly adherent with the stromal Iayer.m’115 CAFC assays are one-step cultures in contrast to LTC-IC assays, which require
plating of fresh hematopoietic cells on established stromal layers. Using limiting dilution and Poisson statistics, the
frequency of CAFC or LTC-IC in a test population or following culture can be determined.'®**° and 11318

TABLE 5.2 COLONY-FORMING CAPACITY OF HEMATOPOIETIC PROGENITORS ASSAYED IN VITRO

Progenitor
In Vitro Progenitor Name Stage/Potential Factors
CAFC (#)—“cobblestone area-forming Mouse CAFC (28-40), Irradiated BM stromal layer
cell” possible stem cells with horse serum and
Mouse CAFC (<28), hydrocortisone
multilineage
LTC-1IC—*“long-term culture-initiating Multilineage, possibly Irradiated BM stromal layer
cell” stem cells with horse serum and
hydrocortisone
CFU-GEMM—“CFU-granulocyte, Multi-lineage Kit ligand, IL-11, GM-CSF,

erythrocyte, macrophage,
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megakaryocyte” EPO

CFU-GM—“CFU-granulocyte Granulocytes and Kit ligand, GM-CSF

macrophage” macrophages

CFU-E—*“CFU-erythrocyte” Late stage erythrocyte ~ EPO and IGF-1
progenitor

BFU-E—*“burst forming unit- Early stage erythrocyte  EPO, Kit ligand, IGF-1

erythrocyte” progenitor

CFU-G—“CFU-granulocyte” Granulocytes G-CSF

CFU-M—“CFU-macrophage” Macrophages CSF-1

CFU-Mk—*“CFU-megakaryocyte” Megakaryocytes TPO, IL-3, Kit ligand

CFU-preB—“CFU-pre-B lymphocytes” B cells Kit ligand, IL-7

CFU-DL—*“CFU dendritic/Langerhans Dendritic GM-CSF, TNF-a

cells”

cells/Langerhans cells

CFU, colony-forming unit; EPO, erythropoietin; G-CSF, granulocyte colony-stimulating factor; GM-
CSF, granulocyte-macrophage colony-stimulating factor; IGF-1, insulin-like growth factor-1; IL,
interleukin; #, number of days of culture.

Assays of murine bone marrow cells for LTC-ICs and for day 28 CAFCs yield estimates of 1 to 4 LTC-ICs or CAFCs per 10°
marrow mononuclear cells—a value comparable to that obtained for HSCs in repopulation assays.m’118 A modification of
the mouse LTC-IC assay 19120 has led to a demonstration that some LTC-ICs form lymphoid as well as myeloid progenitors
in vitro. However, LTCICs do not necessarily correspond in a 1:1 ratio to hematopoietic repopulating units. For example,
several studies have shown that
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ex vivo expansion of hematopoietic cell populations with growth factors in culture leads to a loss of in vivo repopulating
cells, > although measured LTC-ICs do not decrease in parallel. For these shortcomings, the LTC-IC assays is
advantageous when an estimate of HSC frequency is required in scenarios in which the test population of HSCs have a
defect in homing or engraftment capability, which would result in underestimation of the reduction in HSC activity when
used in transplant assays (see below).

In Vivo Hematopoietic Assays

In vivo assays can measure various features of HSCs including homing, survival, proliferation, and differentiation into
hematopoietic lineages. Homing and subsequent development of donorderived blood cells is termed hematopoietic
engraftment. To sustain life-long hematopoiesis in the host, transplanted HSCs must self-renew and re-establish an HSC
pool. Because in vivo assays can be monitored for a prolonged period for survival, proliferation, and differentiation of
transplanted HSCs and, ultimately, the establishment of donor-derived hematopoiesis, they remain the gold standard for
measuring the true functional potential of HSC grafts. It is worth noting here again that these assays confirm HSC activity
and these methods cannot prospectively isolate HSCs. There are broadly three ways to assess long-term repopulating HSC
activity in vivo: competitive repopulation assay,123 limiting dilution assay,117 and serial transplantation.124 The
nomenclature of these assays is unfortunate since the former two are both actually competitive repopulation assays.
Further confusing the matter, limiting dilution assays are frequently called competitive repopulating unit (CRU) assays,
while competitive repopulation assays use the unit RU. All three assays rely on availability of a method to discriminate
between the test and standard cells (see below). Whereas previous studies utilized retroviral marks to label and track cell
lineages, the availability of congenic mice has made the process more convenient. Congenic mice are two strains of mice
that are genetically identical with the exception of one gene, which allows discrimination between the two populations.
The most commonly utilized congenic mice are CD45.1 and CD45.2 mice, which are both on a C57BL/6 background, and
antibodies that specifically recognize the two CD45 markers are widely available.

In the competitive repopulation assay and limiting dilution assay, lethally irradiated animals are typically supplied with a
standard, quantified competitor cell population to provide shortterm hematopoietic reconstitution. These competitor
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“support” marrow cells eliminate the chance of potential replicative stress on the small number of HSCs in the test sample
following transplantation.''® Competitive repopulation assays involve transplanting a test population with unknown HSC
content (i.e., total BM or a population of cells sorted based on immunophenotypic markers) along with a population of
standard, although not definitively known, HSC content (typically 1-2 x 10° total BM cells). The clonal contribution of HSCs
is not a linear process and can display stochastic fluctuations in the short term after transplantation. Jordan and
colleagues determined that individual oncoretroviralmarked HSCs gave stable contribution to hematopoiesis starting at 6
months post-transplant.74 The laboratory of Eaves et al. has demonstrated in a congenic system that this stability arises 16
weeks after transplantation, while more committed stem cells gradually lose reconstituting capacity by 16 weeks post-
transplant.125 Thus, Purton and Scadden have suggested 16 weeks and an optimal time-frame of 6 months after transplant
to assess donor contribution in transplantation-based HSC assays.”® The major drawback of the competitive repopulation
assay is that it makes a statement regarding the relative number of HSCs, precluding a definitive statement on the actual
HSC content of a test sample.

In order to enumerate the actual number of HSCs in a test population, limiting dilution analyses with Poisson statistics is
used instead.""’ In this assay, serial dilutions of a test cell population are transplanted into a group of animals. From the
known dilutions of test cells given in the transplants and the percentage of mice without donor chimerism (defined as
<0.1% or <1%, see below) yielded by each test cell dose, one can calculate the number of HSCs in a test sample by using
limiting dilution analysis and Poisson statistics.*>'"” A variation of this assay uses limiting dilutions of genotypically distinct
donor cells to transplant into stem cell-deficient W/W" mice that can be used as hosts rather than lethally irradiated
mice."”® A second variation uses, as hosts, mice that have been transplanted previously and thus have a reduced or
weakened endogenous stem cell competition capacity. While the limiting dilution assay is the gold standard to enumerate
HSCs, it is resource-intensive. In addition to being time- and resource-intensive, other vagaries and considerations must be
undertaken when designing limiting dilution experiments. When chimerism studies relied on southern blot detection, a
threshold of <5% test-derived cells was considered as a mouse negative for engraftment. However, as flow cytometry and
congenic markers have allowed for much enhanced sensitivity in detecting fine changes in engraftment, most studies
utilize <1% as the threshold. While some investigators propose a <0.1% threshold, it is controversial whether detecting
such low levels of chimerism is accurate.” Caution should also be taken when enumerating HSC numbers in animals with
mutations that affect the proliferation kinetics of progenitors. If progenitors specifically have increased proliferative
capacity, they may erroneously indicate enhanced HSC repopulating capacity; and likewise decreased proliferative
potential of progenitors might artifactually suggest reduced HSC repopulating activity.

The most stringent functional test (although not necessarily as sensitive or quantitative) is the serial transplantation assay,
which involves successive rounds of transplantation, a 16-week engraftment period, and re-transplantation of recipient
BM into new recipients. This is the preferred method to demonstrate changes in HSC numbers when there is a
perturbation in homing, engraftment, differentiation, or altered progenitor proliferative capacity.98 Using serially diluted
amounts of BM in the primary transplant, the serial transplantation assay can be combined with the limiting dilution assay
to add further stringency to this assay. However, this is rarely done because of the enormous resource requirements.

Hematopoietic Stem Cell Studies in Xenograft Models

Humans vary from mice in many aspects, including their body size, life span, and daily demand for hematopoietic cell
production.g"’lzl’127 These differences result in species-specific selective pressures regarding genotoxic stress,
tumorigenesis, telomerase activity, and genetic fidelity during proliferation. For example, because of larger body size,
proliferative demand on human HSCs is greater than that for mice. The substantially greater life span also places unique
selective pressure on human HSCs to not develop deleterious oncogenic mutations.'?® With this said, there are numerous
evolutionarily conserved facets of hematopoiesis, and both mouse and human studies are essential and complementary.
The need to study human hematopoiesis generated a demand to create xenogenic transplant models into mice. The first
humanized mouse models were developed in 1988, as recently reviewed."”® Murine models that are commonly used are
derivatives of the NOD/SCID strain,”>** strains deficient in the RAG1 or RAG2 genes necessary for T- and B-cell receptor
rearrangements,m’132 and a fetal ovine system.l33’134 NOD/SCID/Bz-microglobulinnuII mice support proliferation and
differentiation of immature human hematopoietic progenitors.129’135’136’137 Residual NK cell activity of NOD/SCID mice has
been inhibited by administration of monoclonal antibodies against IL-2R[3138 or by genetic manipulation to create yc null
strains (NSG mice)m.
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NSG mice have 50-fold higher CD34" cell engraftment compared to NOD/SCID mice. The hematopoietic repopulation
ability of transplanted human cells in a sublethally irradiated mouse is quantified as SCID mouse repopulating cells (SRC),
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the frequency of which can also be determined by limiting dilution analyses.* A technical advance in the study of human
hematopoiesis in these xenogenic models was the injection of human cells directly into the femurs of NSG mice, leading to
more rapid early engraftment of CD34" cells."*" Another recent technical advance was the observation that female NSG
mice have as much as 11-fold higher chimerism compared to male syngenic NSG mice.*** One of the most significant
recent reports has been the identification of Thy1* Rho" CD49f" as being a marker set to purify human HSCs such that 14%
to 28% of single Thy1" Rho" CD49f" cells could give rise to multilineage reconstitution in NSG mice.” With the ability to
assess the long-term repopulating contribution of single human HSCs for over 8 months and with subsequent serial
transplantation studies, the field is moving toward the capability to stringently test human HSC activity.

Hematopoietic Stem Cell Studies in Large Animal Models

Abkowitz et al. have identified important differences between the kinetics and behavior of HSCs in large animals and
rodents.** The production of blood cells for the whole life span of a mouse is equivalent to the blood cell production of a
human in a single day. This limited replication demand due to the relatively short murine life span poses a significant
challenge to determine the long-term repopulation activity of human hematopoietic cell populations transplanted into
immunodeficient mice. Human cells have been found to persist for several years after transplantation in a pre-immune in
utero fetal sheep model.*** Several large animal models are available for HSC studies, including feline, canine, ovine, and
non-human primates,145 but the genetic and biologic similarities between humans and non-human primates suggest that
the non-human primate model is probably the best available model with which to study human hematopoiesis.g“’127
Another advantage of using non-human primates is that their relatively long life span (up to 30 years) compared to
rodents (up to 3 years) allows long-term monitoring after transplantation, irradiation, cytokine therapy, chemotherapy,
etc. Simultaneous transplantation of genetically marked autologous cells in lethally irradiated non-human primates and
immune-deficient mice demonstrated that the reconstituting cells in primates and in mice are distinct, suggesting a lack of
overlap between these two cell populations.146

Hematopoietic Stem Cells in Culture

Repopulation studies in irradiated mice, as well as experience with bone marrow transplantation in humans, provide
strong evidence that HSCs can replicate and expand extensively in vivo (selfrenewal). A very significant advance for clinical
medicine would be the in vitro expansion of transplantable HSCs. However, mouse HSCs generally decline substantially
relative to input numbers over a period of 1 to 4 weeks in culture,™”**® and **° even though clonal analysis indicates that
some HSC clones proliferate.148 Also, for unknown reasons, repopulating activity is lost with the entrance of cultured HSCs
into the active cell cycle.150 Similarly, homing of actively cycling HSCs is reduced by decreased expression of several
molecules on the cell surface.”***! Despite this inability to expand transplantable HSCs in vitro, more mature types of
progenitors, including those with multilineage or single lineage potential, can be greatly expanded in vitro. Thus, cell
expansion technology may be useful to obtain high numbers of hematopoietic progenitor cells that may support patients
in the short term after high-dose chemotherapy or marrow transplantation.

In principle, a successful ex vivo expansion strategy must preserve HSC function and permit HSCs to self-renew in order to
maintain or expand the number of transplantable HSCs during the culture. Human umbilical cord blood (CB) has been
established as an important alternative source of transplantable HSCs instead of bone marrow or peripheral blood stem
cells (PBSC) in children especially, because of its decreased GVHD probability.152 However, the limited number of HSCs
present in a single unit of CB poses a significant risk for its use in adult patients, who require greater numbers of input
HSCs. Although double cord blood transplants have improved the rate of sustained engraftment, it is still associated with
delayed engraftment and elevated engraftment failure when compared to BM or PBSC transplants, indicating the need for
more optimal CB expansion protocols.152

Early ex vivo culture of human CD34" CB cells with cytokines for 10 to 14 days demonstrated moderate increases in
progenitor cell numbers and safety in patients, but had only modest effects on clinically relevant outcomes, such as time
to neutrophil recovery.153 The ideal culture conditions suitable for such abundant HSC expansion has remained elusive;
however, over the last decade, substantial progress has been made to increase the number of phenotypic hematopoietic
stem and progenitor cells and more importantly, the number of SCID repopulating units through ex vivo culture. Clinical
trials typically involves ex vivo culturing (“manipulating”) one cord blood unit and co-infusing with a nonmanipulated cord
blood unit. Patients co-infused with these mixed units are compared to patients receiving a conventional double cord
blood transplant. A few of these modalities currently being tested in clinical trials include Notch ligands, stromal cell-based
culture, copper chelators, and prostaglandin £2.1%

Bernstein's group showed that culture of CD34" CB cells with immobilized Notch ligand Deltal combined with fibronectin
fragments and the cytokines stem cell factor (SCF), thrombopoietin (TPO), FIt3 ligand (FIt3l), IL-3, and IL-6 resulted in a
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222-fold expansion after 17 days of culture and a 16-fold increase in NOD/SCID repopulating units.”* Importantly, in
phase | clinical trials, patients that received a mixed infusion of one conventional CB unit and one ex vivo cultured CB unit
demonstrated a pronounced reduction in median time to neutrophil recovery compared to patients receiving the
conventional dCBT."™ In addition, 2 out of 10 patients had persistence of the expanded graft 180 days after
transplantation, suggesting the preservation of at least short-term self-renewing cells during ex vivo culture in spite of co-
infusion with a non-manipulated unit containing T cells capable of rejecting the expanded unit.™

As HSCs develop in vivo in a microenvironment with stromal interactions, Elizabeth J. Shpall and colleagues have pursued
HSC expansion by co-culture with mesenchymal stem cells (MSCs) and SCF, TPO, FIt3l, and G-CSF. These culture conditions
yield an 8- to 12-fold expansion of CD34" cells and importantly, resulted in a reduction of median neutrophil recovery to
14 days, compared to 23 for patients receiving conventional DCBT."™*In spite of these remarkable clinical advances, still,
to date, there is no evidence that ex vivo expanded CB cells can contribute to longterm hematopoiesis in human trials.*

Use of the copper chelator tetraethylenepentamine (TEPA) with SCF, TPO, FIt3l, and IL-6 resulted in a 159-fold increase in
CD34" cells after 7 weeks of culture and showed improved engraftment in NOD-SCID mice.”*"’ However, early clinical
trials reported by Shpall and colleagues have failed to show an improvement in neutrophil recovery,158 but clinical trials
are ongoing.153 Preclinical data showed that the brief pre-incubation of HSCs"™ with prostaglandin E2 enhances their
homing, survival, and proliferation in mice,"®® and clinical trials are ongoing to assess this target in humans."** Other
promising candidates™ to enhance the self-renewal of ex vivo cultured HSCs that have yet to reach clinical trials include
the aryl hydrocarbon receptor antagonist
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SR1 (StemRegenin 1),"* the endothelial-derived soluble factors Angiopoietin-like 5 (Angptl5), IGFBP2,"* and

pleiotrophin,163 and the homeobox gene Hoxb4.'**
Quiescence of Hematopoietic Stem Cells

Compared to downstream CD34" LSK multipotent progenitors (Fig. 5.2), 90% of which are in cell cycle, <10% of CD34
CD48 CD150" LSK HSCs are cycling.165 Even within this phenotypically identified HSC pool, the laboratories of Trumpp and
Hock have used label-retaining tracking approaches to functionally distinguish the existence of two types of murine HSC:
homeostatic (or hematopoietic stress-activated) and dormant HSCs, which represent “70% and ~“30% of the HSC pool,
respectively.ms’165 Whereas homeostatic HSCs divide every 28 to 36 days, dormant HSCs divide only every 145 to 193 days,
or about 5 times per lifetime.*>*® This differential cycling has functional consequences for transplantation, as although
both homeostatic and dormant HSCs provide long-term repopulation in lethally irradiated recipients, only dormant HSCs
provide complete long-term repopulation in secondary transplants.l‘r’g’165 Notably, activated HSCs can return to the
dormant state.

HEMATOPOIETIC PROGENITOR CELLS
Committed Hematopoietic Progenitor Cells

Committed hematopoietic progenitor cells are progeny of HSCs that have begun to differentiate and can no longer convey
longterm reconstitution of all hematopoietic lineages in ablated animals. Figure 5.1 depicts the HSCs and downstream
committed progenitors, and notably, only HSCs have the capacity to selfrenew, as indicated by the reflexive arrows. This
schematic is a working model that is constantly under revision, with numerous nuances that preclude neat boundaries in
differentiation potentials of progenitor cells.****® Nonetheless, whichever branching scheme is utilized, each successive
stage has a more restricted differentiation potential, and there is a succession of commitment steps. Just as molecular
processes determining self-renewal versus commitment decisions for stem cells are not completely understood, neither
are the molecular events that lead to subsequent commitment steps. Although phenotypic markers can largely, although
not definitively, differentiate cells with stem cell, as opposed to just progenitor cell, potential, the unique contribution of
progenitor cells, as opposed to progenitor cells that derive from transferred HSCs, is not well understood. It is known that
although a single HSC can yield 