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 Preface
 
 Flow cytometry immunophenotyping of hematopoietic disorders is a complex and demanding exercise that requires a good understanding of cell lineages, developmental pathways, and physiological changes, as well as broad experience in hematopathology. The process includes several interrelated stages, from the initial medical decision regarding which hematologic condition is appropriate for FCM assay, to the final step of diagnosis whereby the FCM data is correlated with other relevant clinical and laboratory information. The actual FCM testing involves three major steps: pre-analytical (specimen processing, antibody staining), analytical (acquiring data on the flow cytometer) and post-analytical (data analysis and interpretation). The literature, including the latest FCM textbooks, provides ample information on the technical principles of FCM such as instrumentation, reagents and laboratory methods, as well as quality control and quality assurance. Similarly, correlations of morphologic findings and phenotypic profiles have been well covered in many publications. In contrast, much less attention has been given to the other equally important aspects of FCM immunophenotyping, especially data analysis. The latter is a crucial step by which a phenotypic profile is established. To bridge this gap in the literature, the focus of this book is more on FCM data analysis than laboratory methods and technical details. For the reader to become familiar with our data analysis strategy, an overview of our approach to the pre-analytical and analytical steps is also presented, with an emphasis on the pre-analytical aspects, which have been rarely touched upon in the literature. The process of data analysis follows a practical and systematic approach, utilizing the visual patterns of the dual parameter displays rather than calculating a “percent positive” for each individual antibody. The FCM graphic displays presented throughout the book, together with the clinical case studies contained in the companion CD-ROM should facilitate the readers to gain an in-depth appreciation of this visual approach to data analysis. Via the case studies, the topics discussed in the textbook can be illustrated in greater detail, and the FCM diagnostic subtleties will become more apparent. The book is designed for all laboratory professionals involved in the immunophenotyping of hematologic disorders, including pathologists, PhDs and technologists working in FCM laboratories, residents and fellows in pathology and hematopathology training programs, as well as clinical hematologists with a special interest in this subspecialty. In terms of organization, this book breaks away from the traditional mold used in other books. The chapters are not arranged by specific diagnosis (i.e. the end point of a diagnostic work-up) but by how the data presents at the time of the diagnostic consultation. This organization reflects the real life problem-solving methods applied daily in the laboratory, whereby the strategies employed differ depending on whether the cell population in the sample analyzed is heterogeneous or nearly homogeneous. The few available books covering FCM phenotypes in hematologic malignancies have tended to focus more on leukemias than lymphomas. In this book, equal emphasis is given to both categories of disease, thereby providing considerably more information on lymphomas and chronic lymphoproliferative disorders. Furthermore, DNA cell cycle analysis is also included in the FCM study of mature lymphoid malignancies, in which the DNA data have
 
 x
 
 P R E FAC E been proven to be of prognostic significance, thus permitting a more objective and reproducible grading of these tumors. The approach to the classification of hematologic neoplasms employed in this book also departs from that used in the various existing classifications. The antigenic profiles of leukemias and lymphomas have been incorporated into the more recent classification schemes. However, the phenotypes of many disorders, in particular malignant lymphomas, have been derived from paraffin-based immunostaining instead of FCM studies, thus not taking into consideration the large amounts of valuable information provided by FCM immunophenotyping (e.g. a better appreciation of the pattern of antigenic density distribution and coexpression). The approach taken in this book is to simplify the classification (which should facilitate the comparison of results between different institutions) by utilizing the graphical patterns of phenotypic expression and the results of DNA cell cycle analysis where appropriate, together with other relevant clinical/laboratory data including the morphology of the submitted specimen. A more detailed discussion on the morphology of the bone marrow and peripheral blood manifestations of hematologic disorders can be found in our previous book (and its companion CD-ROM) entitled “Diagnostic Hematology: A Pattern Approach”, ISBN 0 7506 4247 5 (Arnold Publishers, distributed in the USA by Oxford University Press). For practical reasons, most of the FCM graphics in the book are presented as black and white illustrations. The dot plots in many of the case studies contained in the CD-ROM are, on the other hand, presented in color to facilitate the viewing of the cell cluster(s) of interest, especially for educational purposes. The use of color dot plots is popular in some laboratories. In our opinion, laboratory staff involved in FCM data analysis should be familiar with both black and white and color FCM displays however, rather than relying solely on the color format. The list of suggested readings is not meant to be exhaustive. Many of the references were chosen mainly for the readers to obtain more depth on certain topics, e.g. the maturation and differentiation of hematopoietic cells.
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 CHAPTER
 
 1
 
 Approach to flow cytometry: General considerations
 
 With the increased availability of antibodies and fluorochromes and the improvements in instrument hardware and software, flow cytometry (FCM) immunophenotyping has become a popular and useful diagnostic tool in the hematopathology laboratory. The utility of FCM immunophenotyping is multifold, as it facilitates (1) the distinction between neoplastic and benign conditions, (2) the diagnosis and classification of lymphomas and leukemias, (3) the assessment of other neoplastic and pre-neoplastic disorders such as plasma cell dyscrasias and myelodysplastic syndromes, and (4) the detection of minimal residual disease in patients with acute leukemia or chronic lymphoid leukemia. The advantage of FCM is a high degree of efficiency and sensitivity. The technique is also likely to be more reproducible than microscopy. The high level of sensitivity facilitates the detection of rare neoplastic cells (based on their specific characteristics) in a heterogeneous population. The ability to assess multiple parameters simultaneously sets FCM apart from other technologies. In many institutions, there is a tendency to perform immunological studies only when the lesion is considered difficult to diagnose by conventional morphology. It is preferable, however, that FCM testing be carried out routinely, even when the morphology is apparently typical, since the findings help to confirm the diagnosis and may provide prognostic or other useful biological information. In addition, the data are valuable for follow-up purposes, especially when samples of tumor recurrences are very small (e.g., cerebrospinal fluid [CSF], needle aspirates) where morphologic examination may fail to detect neoplastic cells. Proper data analysis is a critical step in FCM immunophenotyping. In this process, the phenotypic profile of the cells of interest is derived from the light scatter and fluorescence intensity signals recorded from each individual cell on a cell-to-cell basis (the data thus collected is referred to as list mode data). Although the literature contains numerous publications on the characteristic immunophenotypes associated with different hematologic malignancies, few publications describe how the data analysis was performed.
 
 1.1 Reasons for the necessity of proper data analysis The common practice in most institutions has been to describe antigenic expression as the percentage of positive cells. The popular approach to FCM analysis has been as follows: (1) The cells are gated first by light scatter, then the antibody fluorescence analyzed on single parameter histograms or dual parameter plots; (2) for each marker, a cursor is moved and set to measure the fraction of cells with fluorescence greater than that of the control sample (in which cells are exposed to an irrelevant immunoglobulin); (3) the results are then reported as percent positive per antibody tested. The origins of this approach to data reporting can be traced back to the microscopic evaluation of immunostaining performed on glass slides (smears, cytospin preparations) and the reporting techniques used for lymphocyte subset analysis (e.g., CD4 in human immunodeficiency virus [HIV]-infected patients). Immunostaining on glass slides initially used fluorescent probes but has subsequently evolved to the peroxidase- and alkaline phosphatase-based immunocytochemistry techniques.
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 In this method, the neoplastic cells on the smears or tissue sections are identified visually by routine morphologic criteria. Although dual staining may be achieved by immunohistochemistry in selected situations, the technique is usually limited to a single antibody per slide. In many laboratories, the larger share of the FCM workload is composed of T- (or other) cell subset determinations on peripheral blood samples that do not harbor malignant cells. In this setting, a change in the number of cells in each subset is clinically important. Furthermore, the cells analyzed are discrete subpopulations of normal lymphoid cells with relatively bright fluorescence. Therefore, it is appropriate to report each subset as a percent positive for each antibody and, where applicable, to calculate the CD4;CD8 ratio. The numerical values thus generated are reminiscent of those obtained for chemistry tests, in which the abnormalities consist of altered levels of the normal components in the blood. In samples suspected of harboring a hematopoietic malignancy, however, determining the exact number of neoplastic cells is less important than determining whether or not neoplastic cells are present and, if present, the type of hematopoietic neoplasm they represent. Unfortunately, this information is not always apparent from the “percent-positive” data format. The percent-positive format assumes, incorrectly, that within a leukemia or lymphoma, all of the tumor cells uniformly either lack or exhibit the same degree of clear-cut expression for a given antigen. However, in contrast to benign lymphocytes, neoplastic hematopoietic cells of the same clone often do not express the same amount of a given antigen on their cell surface and, therefore, display variability in the fluorescence intensity for that marker. The degree of variability depends on the particular surface antigen. For instance, reporting a case of leukemia as being 40% CD20 positive is ambiguous. This number could represent either (1) a case in which 40% of the cells formed a distinct population with a fluorescence intensity well above the negative control or (2) a single population in which 100% of the cells displayed a shifted fluorescence intensity, but only 40% of the cells were brighter than the background. The latter occurrence is frequently observed when the tumor cell expression for a surface antigen is weak.
 
 1.1.1
 
 The pitfalls of the FCM data format of “percent positive” per antibody tested In the context of a leukemia-lymphoma workup, it is important to express the immunophenotyping data in ways that avoid ambiguity and offer the optimal information for correlation with other clinical and laboratory data. Expressing the FCM data as “percent positive” per antibody tested is rarely relevant and may even be misleading, as shown in the examples presented below. The use of an arbitrary cutoff value (20% being the most common) for a marker to be considered as positive has contributed to many erroneous interpretations. Although the 20% level has been employed at numerous institutions, none of the publications have described how this number became established. The following real-life examples illustrate why the approach of reporting FCM results as percent positive and omitting the fluorescence data is inappropriate in leukemia-lymphoma immunophenotyping. Flow cytometry results on a bone marrow from a patient with suspected chronic myeloid leukemia in blast crisis (CML-BC), from an institution where the FCM laboratory is not part of the hematopathology laboratory. The specimen was processed by Ficoll-Hypaque. Other procedure-related information is not available. CD19 CD20 CD10 CD13 CD33
 
 31% 20% 29% 32% 26%
 
 CD34 CD14 Kappa Lambda HLA-DR
 
 30% 17% 18% 10% 29%
 
 CD2 CD3 CD7 CD5
 
 11% 13% 16% 19%
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 Based on this format of data reporting and the 20% threshold, the case was interpreted as a biphenotypic blast crisis of CML (positive for CD19, CD10, CD13, CD33). However, when the list mode data was visualized on dual parameter dot plots, correlating the forward scatter (FSC) and antibody fluorescence, it became clear that (1) the neoplastic cells constituted 30% of the cell population in the FCM sample and (2) they were of medium cell size and had the following phenotype: CD19 moderate, CD20 dim, CD10 moderate, CD34 weak, HLA-DR moderate. Other antigens, (i.e., CD13, CD33, CD14, CD2, CD3, CD5, CD7, kappa, and lambda) were not expressed by the tumor cells. The CD13 (32%) and CD33 (26%) were present on mononuclear myeloid precursors (promyelocytes, myelocytes, and metamyelocytes) and not on the neoplastic population. The correct phenotype is that of a precursor B-cell lymphoblast instead of biphenotypic. Correlation with the bone marrow aspirate morphology further confirmed a lymphoid blast crisis of CML. A limited (follow-up) panel was performed on the peripheral blood of a patient with known chronic lymphocytic leukemia (CLL), to assess the efficacy of anti-CD20 therapy as part of a clinical trial. The lymphocyte count was 3.1 × 107/L. The blood film was unremarkable except for a mild increase in large granular lymphocytes. The FCM data were reported as follows: CD2 CD3
 
 75% 62%
 
 CD19 CD20
 
 23% 18%
 
 Kappa Lambda
 
 17% 8%
 
 Based on these results, it was concluded that there was no residual CLL in the patient’s peripheral blood. However, subsequent re-evaluation of the list mode data, using the simple correlated displays of FSC and antibody fluorescence, was sufficient to demonstrate the presence of a small population of monoclonal B-cells (CD19 moderate, CD20 weak) with weak kappa expression, in a background of benign T-cells and polyclonal B-cells. Contrary to the initial interpretation, residual CLL was present in the patient’s peripheral blood. It is apparent from the above examples that reporting FCM data as percent positive per antibody tested can negate the usefulness of FCM and easily lead to confusing or erroneous interpretations, which may impact therapeutic decisions. Some laboratories do include fluorescence data in the FCM reports. However, the data may still be expressed in a suboptimal (and, therefore, inappropriate) manner, as shown in the following case example. Below are the FCM results on a peripheral blood specimen studied at a teaching hospital: CD2 CD3 CD4 CD7 CD8 CD13 CD33 CD34 TdT
 
 48% moderate 45% moderate 21% moderate 47% moderate 20% moderate 3% moderate 1% moderate 1% weak 55% moderate
 
 CD19 CD20 CD22 sIgM Kappa Lambda CD10 CD45 HLA-DR
 
 47% moderate 26% moderate 47% moderate 48% moderate 3% moderate 2% moderate 36% moderate 100% strong 55% moderate
 
 The results indicated a proliferation of immature cells (TdT+). The hospital’s conclusion was that the case represented an acute lymphoblastic leukemia (ALL) with a mixed (B-cell and T-cell) lineage. Because of the data-reporting format, it is unclear whether the immature cells are of B- or T-cell lineage, however. Although fluorescence intensities were mentioned, data interpretation in this particular laboratory was actually based on percent positive with an arbitrary 20% cutoff. When proper visual data analysis was subsequently applied to the raw data,
 
 4
 
 F L O W C Y T O M E T R Y I N H E M AT O P AT H O L O G Y
 
 it became apparent that the blood sample contained a clearly identifiable neoplastic population of precursor B-ALL, admixed with a high number of normal T-cells.
 
 1.2 General aspects of FCM data analysis and interpretation The above-described situations indicate the necessity of a comprehensive approach to FCM data analysis and interpretation. In the authors’ experience, the optimal method is for the laboratory medical staff to apply a visual approach to FCM data analysis rather than relying on percentages. In other words, data interpretation is based on a visual appraisal of the FCM graphics, assessing the complex patterns formed by the shape and relative position of the cell clusters observed on various dot plots such as FSC vs fluorescence, side scatter (SSC) vs CD45, and correlated fluorescence dot plots. Any other approach to FCM data interpretation, using a scoring system or percent positive per antibody, underutilizes the full potential of FCM. Laboratory professionals, as well as clinicians, should realize that visual FCM data analysis is a process reminiscent of the microscopic examination of morphologic material (e.g., bone marrow aspirate smears, lymph node sections) in which the data form a pattern and are reported in a qualitative and quantitative (where appropriate) format. Although microscopic examination encompasses all elements in the sample, reporting the data focuses only on the abnormal component. Similarly, the FCM interpretative report should be based on the cells of interest, even though the list mode data should be collected unselected (i.e., it includes all cells in the sample). Collecting list mode data ungated ensures that no abnormal cells are lost, because in many instances, the nature of the abnormal population is not yet known at the time the specimen is run. Restricting the initial data collection to certain preset criteria (i.e., a “live gating” approach such as the use of a live light scatter gate) may easily result in “throwing the critical cells away.” A specific example is missing a small number of circulating hairy cells when the analysis is live-gated on cells with the light scatter characteristics of normal lymphocytes. An additional advantage of the ungated approach is that the presence of other cells serves as internal positive and negative controls. After the data have been acquired ungated, certain gating procedures can be applied during the analysis step. Some of the most useful gating strategies include (1) gating on B-cells, to determine clonality (Figure 1.1) and the coexpression of other critical antigens, and (2) gating on CD45 to characterize leukemic blasts (Figure 1.2). These strategies require the use of multicolor (two color, at the very least) antibody combinations. The recommendations by the US–Canadian Consensus on the Use of Flow Cytometry Immunophenotyping in Leukemia and Lymphoma have stressed the necessity of a multiparameter approach to FCM analysis, using multiple fluorochromes in addition to forward and side light scatter. Since the publication of the Consensus recommendations, there has been a slow increase in the awareness on the visual approach to FCM data analysis. The literature contains very little information on this approach, however. The purpose of this book is to fill this void. The FCM dot plots and histograms displayed in this book, using FCS Express™ software, are derived from clinical samples analyzed on Becton-Dickinson instruments, using commercially available antibody reagents (see Chapter 2). Other current state-of-the-art instruments are equipped with a similar capability for multicolor FCM testing and mechanisms for color compensation. The principles of FCM data analysis presented in this book are applicable to all brands of flow cytometers. Interpretation of the FCM immunophenotyping results is one step in the diagnosis of malignant lymphoma and leukemia. Although, in many cases the diagnosis is apparent following a visual inspection of the FCM immunophenotyping data together with the DNA cell cycle histogram, in other instances the antigenic profile and the pattern of the cell clusters suggest only
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 Figure 1.1 (a) Lymph node sample with two B-cells populations differing in FSC signals and CD20 intensities. (b) Overlay kappa/lambda histograms gated on R2: The B-cells with dimmer CD20 and lower FSC are polyclonal. (c,d) Gated on R3: The B-cells with brighter CD20 and higher FSC are monoclonal for lambda.
 
 a differential diagnosis instead of a specific disorder. In such cases, it is critical that the diagnostic interpretation takes into account the other clinical and laboratory data, such as the hemogram findings and the cytologic/morphologic features. The synthesis of the pertinent results requires the responsible medical staff to be well versed in the different subdisciplines of hematopathology. Irrespective of whether a case is straightforward or complex, the authors advocate a routine systematic approach to FCM diagnostic interpretation. This will ensure that no relevant information is omitted. A correlation between the FCM findings and the available morphologic data should be performed in all cases. Wright–Giemsa-stained cytospins made from the cell suspension of the tissue or fluid submitted for FCM study must be reviewed, to correlate the findings with those derived from the FCM plots. This is especially helpful when abnormal (neoplastic) cells are few or the FCM data cannot be clearly interpreted. For peripheral blood specimens, the FCM data are correlated with the hemogram and cytologic features from a fresh blood film. Similarly, FCM interpretation on bone marrow speci-
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 Figure 1.2 (a) Peripheral blood sample with a distinct cluster (R2) in the blast region. (b–d) Gated on R2: Blasts are positive for CD13 and CD33. CD19 is negative. CD34 is expressed with a bimodal distribution.
 
 mens should include a review of the hemogram, peripheral blood film, bone marrow aspirate smear or imprint, and cytochemistries, where appropriate. It cannot be emphasized enough that hemogram findings, along with fresh peripheral blood and bone marrow smears, must accompany the specimen when bone marrow is sent to a referral laboratory for immunophenotyping, so that a proper, thorough diagnostic evaluation of the case can be conducted. For interpretation on solid tissue (e.g., lymph node), the FCM data are correlated with the morphologic features on the imprints and hematoxylin and eosin (H&E) sections (where available). In addition to the above-mentioned minimum correlation with the morphologic findings, it is also important to review immunoelectrophoresis results in suspected lymphoplasmacytoid neoplasms or plasma cell dyscrasias. Knowledge of the pertinent clinical history, especially the type of therapy (e.g., immunotherapy, growth factors), is also useful to further refine FCM diagnostic interpretation. This necessitates a dialogue between the medical staff caring for the patient and the FCM laboratory. Because of the time delay associated with molecular genotyping and cytogenetics, these techniques play a minimal role at the time of rendering the diagnosis. Correlation of those results with the FCM data is useful, however, for confirming the diagnosis or providing additional information.
 
 APPROACH TO FLOW CYTOMETRY
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 1.3 Other applications of FCM in hematopathology In addition to being a diagnostic tool, FCM analysis has also been used for prognostic purposes. The main caveat, when determining the prognostic significance of biological parameters of neoplastic cells, is that the validity of the results is influenced by various factors such as laboratory methodologies, clinical staging procedures, and therapeutic protocols. Despite such drawbacks, studies have shown that the DNA index may be of prognostic significance in childhood ALL and the S-phase fraction is useful in grading a lymphoproliferative disorder/ non-Hodgkin’s lymphoma (LPD/NHL). In addition, there have also been attempts to correlate certain antigenic features with the patient’s response to therapy or survival. For instance, the intensity of CD45 expression appears to influence the outcome in pediatric ALL. In most leukemias and lymphomas, however, there is only limited evidence that the expression of any particular antigen serves as a reliable predictor of prognosis. An important application of FCM analysis is the detection of minimal residual disease, especially in acute leukemia. In this regard, FCM was thought not to be as sensitive a technique as polymerase chain reaction (PCR)-based methodologies. However, this apparent lack of sensitivity is most likely due to the fact that the number of cells acquired in a standard FCM clinical assay is far less than that used in PCR analysis. According to recent reports, 1 leukemic cell in 104–105 bone marrow mononuclear cells can be detected by FCM when a large number of cells are analyzed, thus achieving a sensitivity level comparable to that of molecular analysis. These two techniques complement each other and are best applied in tandem to reduce any potential false-negative results. The FCM approach has the advantage of being less labor intensive and achieving a faster turnaround time. Furthermore, the ability of FCM to separate viable from dying cells permits a more accurate quantitation of minimal residual disease (MRD) levels. Irrespective of the methodology, it appears that the clinically significant MRD level is 0.01% (i.e., 10– 4). The presence of residual leukemic cells above this level at the end of therapy or an increase in MRD levels in consecutive bone marrow samples during clinical remission has been shown to be associated with a higher risk of relapse and a poorer overall survival, and it tends to correlate with adverse cytogenetic abnormalities. Thus, evaluation of MRD provides valuable information regarding the aggressiveness of the leukemia and its sensitivity to a given therapeutic regimen. It is expected that routine monitoring of MRD by FCM should facilitate early therapeutic intervention, thereby reducing the morbidity/mortality associated with overt clinical relapse.
 
 1.4 Overview of lineage-associated markers The cellular markers commonly used in the immunophenotyping of hematologic neoplasms can be broadly categorized into the following groups: B-cell, T-cell, natural killer (NK)-cell, myeloid/monocytic, erythroid, and non-lineage-associated markers (including activation markers such as CD38 and HLA-DR). The establishment of these markers was derived from studies on the differentiation and maturation of hematopoietic cells. Noncommitted hematopoietic stem cells express CD34. There is considerable heterogeneity within the population of CD34+ progenitors, however, and those in the later stages also express HLA-DR and CD38. Another marker of immature cells is TdT, present predominantly, although not exclusively, among lymphoid precursors. The earliest B-cell precursors can be identified by cCD22, the hallmark of the B-cell lineage. Cytoplasmic CD22 is present even before any detectable rearrangement of the immunoglobulin genes. Also found on early B-cell precursors are CD19 and CD10. The subsequent maturation and differentiation of the B-cell precursors in the bone marrow is characterized by a gradual decrease in CD10 together with a gradual gain in CD20. The appearance of surface
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 immunoglobulin expression, along with the disappearance of immature markers (TdT, CD34), defines a mature B-cell. Normal mature B-cells enter the circulation and are characterized by the presence of well-expressed surface immunoglobulins, along with CD20 and CD22. The further differentiation into different subtypes of mature B-cells and plasma cells occurs mainly in peripheral lymphoid tissues. The identifier of a T-cell lineage is cCD3, which appears in the earliest T-cell precursors (i.e., prothymocytes) in the thymus. CD2 and CD7 are also present on the early T-cell precursors. During thymic maturation, the T-cell precursors undergo rearrangement of the T-cell receptor (TCR). This process is accompanied by the appearance of other T-cell lineageassociated markers (CD5, CD4, CD8). In most T-cells, the resulting functional TCR molecule is composed of _` heterodimers. A minor population of T-cells express ab TCR instead, accounting for about 3–5% of CD3+ T-cells in the blood. The ab T-cells emigrate from the fetal thymus to reside in cutaneous and mucosal (especially gastrointestinal) sites. The majority of ab T-cells are CD4 and CD8 negative; approximately one-third are CD8 positive. Immunological recognition of a mature T-cell is based on the absence of TdT expression or other early thymic markers (e.g., CD1) and the overt expression of surface CD3. Following antigen stimulation and cellular activation, a number of other antigens may be newly expressed on activated B- or T-cells. Common activation markers include HLA-DR, CD25, and CD30. Some non-lineage-associated antigens are adhesion molecules, which serve to facilitate cell-to-cell interaction. Cells of the myeloid lineage may be identified by the expression of CD13, C33, and CD117. The maturation process of myeloblasts into promyelocytes is accompanied by a loss of CD34 and HLA-DR, followed by the expression of CD15, CD11b, and CD16 at the myelocyte and metamyelocyte stages. Intense CD14 is a characteristic of monocytes. An additional identifying feature of monocytes is the expression of other myeloid markers (CD33, CD64), which differ in intensity and distribution from that on myeloid cells. Erythroid precursors are characterized by downregulated CD45 and high expression of CD71 (transferrin receptor). Antiglycophorin antibodies are of limited usefulness because they react primarily with cells that can be easily identified morphologically as erythroblasts from the basophilic stage onward. It is important to be aware that some markers, although considered to be associated with a specific lineage, may be expressed by neoplastic cells of a different lineage. For example, CD15 is typically associated with myeloid processes, but it can also be present in a substantial number of T-ALL and precursor B-ALL, as well as monocytic leukemias. Similarly CD7, a T-cell-associated antigen, is often present in acute myeloid leukemia (AML). Such instances have given rise to the concept of aberrant immunophenotypes. The use of the label “lineage infidelity” warrants some caution, however, since not all lineage-associated antigens share the same degree of specificity. For example, antigens such as CD11b, CD16, and CD15 do not constitute sufficient evidence of myeloid differentiation. Furthermore, the concept of aberrancy is based on our current understanding of the normal sequence of phenotypic development, which may still be incomplete and evolving. The great majority of currently known hematopoietic antigens are not lineage associated. An example of a non-lineage-associated marker routinely used in FCM immunophenotyping is CD56 (neural cell adhesion molecule). Although CD56 is considered to be associated with the NK lineage, it is present in several other types of disorders including plasma cell tumors, small-cell neuroendocrine tumors, and a significant number of AML. Although there is no marker pathognomonic of NK differentiation, true NK cells and NK-like T-cells can be identified based on the combined pattern of expression of one or more “NK markers” (CD16, CD56, or CD57) together with some of the T-cell-associated antigens.
 
 CHAPTER
 
 2
 
 FCM immunophenotyping and DNA analysis: Practical aspects that can affect data analysis and interpretation
 
 In the optimal setting, the FCM lymphoma–leukemia immunophenotyping laboratory is an integral component of the diagnostic hematopathology service. Flow cytometric analysis involves three stages: preanalytical (specimen handling and processing, including antibody staining), analytical (running the sample through the flow cytometer and acquiring data), and postanalytical (data analysis and interpretation). The quality and performance of the preanalytical and analytical steps impact on the resulting fluorescence data and thereby the interpretation. Deficiencies such as suboptimal instrument performance, poor reagent quality (antibodies and/or fluorochromes), or poor specimen quality can all result in inadequate resolution of positive and negative immunofluorescence. Integrating the FCM and hematopathology laboratories facilitates both the preanalytical steps (because the specimen can be processed simultaneously for other related technologies) and the postanalytical steps (during which the FCM results are correlated with other data prior to establishing a diagnosis). The methodologies used in the authors’ laboratories follow closely the recommendations of the US–Canadian Consensus on the Use of Flow Cytometry Immunophenotyping in Leukemia and Lymphoma. The general aspects of the methodologies for the preanalytical and analytical steps are presented in this chapter. Discussions on quality control are not included, however, as they have been presented at length in previous textbooks and manuals.
 
 2.1 Sample selection The laboratory has little control over certain factors, such as specimen collection and transportation, which can adversely affect the sample prior to its arrival. Although rigorous quality control applied to the various intralaboratory procedures can ensure the accuracy and reproducibility of the FCM results, poor specimen collection remains a major source of potential unsatisfactory FCM analysis. The time elapsed between specimen acquisition and delivery to the laboratory, and the environmental conditions during transport are critical factors affecting the viability of the cells in the sample. As a rule, specimens cannot be held for more than 48 hours in the fresh state after collection. This time window is much narrower for samples harboring a tumor with a high turnover rate (e.g., Burkitt’s lymphoma). For these reasons, specimen requirements and acceptance guidelines should be thoroughly communicated to the clinical services as well as to referring institutions. Exposure to extreme temperatures and the presence of blood clots (or gross hemolysis) are conditions that can render a blood or bone marrow specimen unacceptable for analysis. Fresh specimens for FCM processing and analysis fall into two broad categories: liquid samples (peripheral blood, bone marrow, body fluids) and solid tissue (lymph nodes, tonsils/adenoids, spleen, bone marrow biopsies, and extra nodal infiltrates).
 
 2.1.1
 
 Liquid specimens Peripheral blood can be collected in either ethylenediamine tetra-acetic acid (EDTA) or heparin. Collection in EDTA is preferred, however, since a hemogram and a blood smear can
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 be obtained from the same sample. The volume of blood required depends on the white blood cell (WBC) count; 10 mL of blood is adequate in most instances. The blood specimen is preferably maintained at room temperature. Referred blood specimens from outside institutions should be accompanied by a hemogram and a fresh blood smear (i.e., free of storage artifacts), either unstained or stained with Wright–Giemsa, for cytologic evaluation. For quality control, however, the FCM laboratory should also make a smear from the FCM blood sample. Similarly, EDTA is the anticoagulant of choice for bone marrow specimens sent to the FCM–hematopathology laboratory. Bone marrow smears, cytochemistries where appropriate, and FCM studies can be all performed from the same tube. Ideally, the hematopathology staff should be personally involved with the collection of the bone marrow specimen to ensure that each test (e.g., FCM, cytogenetics, morphology) is allocated a proper amount of representative marrow. Two of the authors routinely performed the bone marrow procedure themselves; the recommended approach has been previously described (Nguyen and Diamond, Diagnostic Hematology: A Pattern Approach). As a result, one of the most frequent problems encountered in the laboratory (i.e., the marked discrepancy between the cellular bone marrow smears made at the bedside and those from the severely hemodilute marrow sample submitted for FCM analysis) was minimized. Referred bone marrow aspirate samples received from outside institutions should be accompanied by a fresh bone marrow smear containing an adequate number of spicules. Preferably, a fresh blood smear and hemogram should also be included, so that a complete diagnostic evaluation of the bone marrow can be carried out properly. Approximately 3–5 mL of representative marrow aspirate is usually sufficient for a comprehensive FCM analysis, unless the marrow is severely hypocellular. Bone marrow aspirates have a much higher cell density than peripheral blood specimens. The addition of nutrient media containing serum proteins to the aspirate will help to maintain cell viability in bone marrow samples that cannot be processed soon after collection. Once received in the laboratory, the bone marrow sample is poured out onto a Petri dish to check if spicules are present. A small portion of the spicules is taken to prepare an “in-house” marrow smear for quality control. Two scalpels are applied to mince the remaining spicules to release cellular elements (especially neoplastic lymphoid cells and plasma cells) that tend to adhere to the spicules. In the case of an aspicular aspirate (“dry tap”), the FCM marrow sample should consist of at least two 2-cm-long core biopsies submitted in sterile tissue culture media, preferably RPMI supplemented with fetal calf serum and a mixture of antibiotics. Cell suspensions can be obtained from the biopsies by the same mechanical dissociation procedure applied to solid tissue. In body cavity effusions, it is important to collect samples with good cell viability. This can be achieved by draining off the existing effusion, and later obtaining the reaccumulated “fresh” effusion. For deep-seated lesions (e.g., mediastinal or retroperitoneal) the preferred specimen for FCM analysis is a fine needle aspiration rather than a core biopsy. Multiple passes (at least 3–4), performed by an experienced person, usually provide a higher cell yield than a tissue core biopsy, and minimize sampling error. Specimens of CSF, being scanty and usually bloodless, do not require much initial processing. A cell count can be obtained and cytospins prepared directly from the submitted sample.
 
 2.1.2
 
 Solid tissue specimens Solid tissue specimens (e.g., lymph nodes, spleen, tonsil/adenoids, or extranodal sites) should be submitted as thin slices, less than 2 mm thick, in a generous amount of sterile tissue culture media at 4°C (i.e., on ice). This helps to reduce the rate of autolysis and degradation of cellular proteins and DNA. For in-house cases, where specimens are delivered immediately
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 Figure 2.1 Diagram of lymph node slicing and the allocation of the slices to different studies. F: FCM analysis, H: histology, I: immunohistochemistry, M: molecular studies. Each slice is less than 2 mm thick.
 
 to the laboratory, it is only required to keep the tissue moistened with a culture media- (or saline-) soaked gauze. There are no set rules for the required amount of sample because this is dependent on several factors, including the cellularity in the sample, the fragility of the cells, and the susceptibility to apoptosis. More is always better, especially in the case of extranodal specimens where there may be a significant proportion of nonlymphoid tissue or fibrocollagenous stroma. It is important, however, to submit a generous amount of fresh solid tissue to the FCM–hematopathology laboratory, so that an adequate amount of sample may be allocated to various other procedures in addition to the preparation of cell suspensions for FCM analysis. These procedures, potentially necessary for the complete characterization of a particular lymphoid tumor, include the following: • Snap-freezing for immunohistochemistry or molecular genetics. • Fixation in a 1;1 mixture of RPMI and ethanol for molecular genetics. • Wright–Giemsa-stained air-dried touch imprints for cytologic evaluation. The cut surface of the tissue slice should be blotted to remove excess fluid prior to making imprints. • Fixation for histology, preferably with B-5 or a fixative with a heavy metal component (e.g., barium chloride) for morphologic correlation. For referral cases from an outside pathology laboratory, only a small fraction of the sample submitted to the FCM laboratory is used for histology, since the outside institution has already handled routine histology.
 
 To ensure that the sample is representative, the slices sent to the FCM laboratory should be adjacent to those submitted for routine histology (Figure 2.1). A practice to be avoided is that of submitting the tip of the lymph node for FCM while allocating the central portion for routine histology. It is also not advisable to hold the fresh tissue for FCM analysis until after the histologic sections are ready, because the time delay often adversely affects the viability of the sample. Cell suspensions are obtained from the solid tissue by mechanical dissociation whereby the tissue is minced with two scalpels in a Petri dish containing a small volume of culture media, then passed through a fine-wire-mesh screen. Alternative techniques such as repeated aspiration of the tissue using an 18-gage needle or scraping the cut surface of the tissue section with a scalpel blade or glass slide at a 45° angle, can also be employed.
 
 2.2 Preparing nucleated cell suspensions Separating nucleated cells from red blood cells in liquid specimens is achieved by red cell lysis (using ammonium chloride or other solutions). The ghost red cells are removed in the subsequent washing steps. White cells can be stained with antibodies prior to or following red cell lysis. In rare instances, red cells fail to lyse. This may be the result of increased numbers
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 of reticulocytes (e.g., specimens harboring a red cell disorder such as hemoglobinopathy or thalassemia) or increased lipids in the serum. The unlysed red cells can be electronically removed from analysis, however, by using antiglycophorin antibody and a gating procedure. The red cell lysis procedure is preferred to density gradient methods (e.g., Ficoll-Hypaque) because it allows cells to be maintained close to their native state. Density gradient methods are based primarily on the buoyant density of normal lymphocytes. Because neoplastic cells do not necessarily share the same density as normal lymphocytes, the density gradient methods, despite their ability to remove erythrocytes, mature granulocytes, and dead cells, can result in excessive loss of critical cells. This effect is especially undesirable for samples with a low content of neoplastic cells. In addition, selective population losses in the CD8 subsets can also occur with density gradient techniques.
 
 2.3 Cell yield and viability Following the red cell lysis step, the cell yield is determined with an automated cell counter. Cytospins are made from the cell suspension to serve as morphologic controls, to ensure that the critical cells have been retained for analysis. When necessary, it is helpful to prepare additional cytospins for cytochemical stains (e.g., myeloperoxidase, nonspecific esterase, tartrateresistant acid phosphatase). The viability of the cell suspension can be assessed by FCM, based on the uptake of DNA-binding dyes such as propidium iodide or 7-amino-actinomycin D (7-AAD) by dead cells. A manual alternative technique is trypan blue exclusion. As a rule, the cell yield and viability tend to be lower in aggressive tumors composed of large cells than in low-grade tumors composed of small cells. The larger neoplastic cells are more fragile and therefore more susceptible to damage and cell loss during the washing and centrifugation steps of specimen processing. Solid tissue specimens often have lower viability than liquid specimens. There is no set rule concerning the viability level below which a specimen yields uninterpretable data and therefore becomes unacceptable for FCM analysis. A lower viability can be tolerated for specimens composed of nearly all neoplastic cells than for those with a scanty proportion of tumor cells.
 
 2.4 Sample staining Sample staining should be carried out as soon as possible after the nucleated cell suspension has been prepared. Delaying this step will only reduce viability and induce cell clumping, especially if the tubes holding the cell suspensions are stored in an upright position. With the exception of cases with low cell yield, a portion of the cell suspension should be kept aside for potential repeats or add-on testing.
 
 2.4.1
 
 Surface antigens The multicolor direct immunofluorescence staining technique using commercially available antibodies is employed for the simultaneous detection of multiple cell surface markers. Cell surface antigen staining is performed on viable unfixed cells. All staining is performed at 4°C to minimize capping and antigen shedding. Appropriate isotype controls are included. The usual number of cells recommended for immunostaining is 106 cells for each test (i.e., each tube of antibody reagent cocktail). In situations with low cell yield, it is possible to perform the staining with as few as (1–2) × 105 cells/tube, however. The procedure should be carried out gently so as to minimize any further cell loss. An efficient and cost-saving strategy is the use of a microtiter plate-based method, which reduces the number of cells required for each test and the volume of reagents while maintaining
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 the same proportions as in the conventional tube method. Each well of the microtiter plate requires only one-fifth of the reagents and cells. Batches of antibody reagent panels in microtiter plates can be prepared in advance, stored frozen, and thawed for use as needed. The microtiter plate method is further enhanced by the use of automated cell handlers. Computercontrolled devices to resuspend and introduce cells into the fluidic system of the flow cytometer are currently available, thus achieving a highly efficient and virtually “hands-off ” operation.
 
 2.4.2
 
 Intracellular antigens Although the testing for intracellular antigens is performed up front in some laboratories, the authors’ preference is to have these done as “add-on” tests when it is medically necessary (see Section 2.8). The staining procedure is more laborious than cell surface antigen staining and calls for cell fixation and permeabilization. Cells are fixed to maintain structural integrity and are permeabilized to allow antibodies to reach the appropriate intracellular targets. The fixative should preserve the epitope of the intracellular antigen in question without causing aggregation of the cell suspension. Intracellular targets include TdT, cytoplasmic light chains, cCD3, cCD22, myeloperoxidase, and bcl-2. The first two are the most frequently tested. For increased sensitivity, the detection of intracellular antigens is done in conjunction with cell surface antigens [e.g., CD38 (for cytoplasmic immunoglobulins), CD19, or CD10 (for TdT)]. To evaluate surface and intracellular antigens simultaneously, the cell surface molecule is stained first, followed by the fixation and permeabilization step, then staining of the intracellular antigen. As with all staining procedures, appropriate background controls are included. In addition, a cell line expressing the targeted intracellular antigen is run in parallel with the patient’s sample. It may be necessary to determine empirically the optimal staining conditions for the various surface antigen–intracellular antigen combinations to ensure the stability of the antigen– antibody–fluorochrome complexes on the cell surface and the preservation of the targeted intracellular antigens. Because the success of intracellular antigen staining depends on the use of small-sized fluorochromes, antibodies targeted against intracellular antigens are conjugated to fluorescein isothiocyanate (FITC). Other fluorochromes may be used for simultaneous surface antigen labeling. This approach also permits simultaneous analysis of a surface antigen and DNA content analysis (using propidium iodide [PI] fluorescence), as there is a good separation between the emission signals of FITC and PI.
 
 2.4.3
 
 DNA content In the author’s laboratory, DNA ploidy and cell cycle analysis are routinely assessed in malignant lymphomas and acute lymphoblastic leukemia-lymphoma. If the proportion of ALL cells is low (e.g., partial involvement of the peripheral blood or bone marrow), then DNA analysis can be performed in tandem with TdT or cell surface antigen (e.g., CD19) staining. Similarly, if the number of neoplastic cells in a tissue involved by lymphoma is low, DNA analysis can be gated on the critical cells by utilizing a surface label and/or the cell size (FSC) parameter. DNA staining is performed on fresh cell suspensions. The recommended number of cells for DNA staining is 106 because a large number of cells needs to be analyzed to obtain robust measurements of the S-phase, an area that contains relatively fewer cells than the other phases of the cell cycle. The staining procedure is started promptly after the nucleated cell suspension is ready to minimize degradation of DNA. DNA degradation can alter the stoichiometry of dye binding to DNA, thereby affecting interpretation. The authors do not recommend DNA analysis on formalin-fixed, paraffin-embedded tissues. Although this approach makes retrospective studies possible, it often results in poorer quality analysis and an apparently higher
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 S-phase as an artifact. Furthermore, the archival material precludes simultaneous DNA and cell surface antigen staining. Propidium iodide, which binds to double-stranded nucleic acids by intercalating between the base pairs, has been the DNA–fluorochrome of choice for clinical applications. Combining PI staining with RNAse treatment has produced consistent high-quality results in the authors’ laboratory. The permeabilization step utilizes a fixative, either ethanol or paraformaldehyde. Ethanol fixation provides excellent preservation of DNA for long periods of time, but may cause cell shrinkage and loss of cell surface staining. It is best suited for stand-alone DNA staining. Paraformaldehyde fixation is more appropriate for simultaneous antigen detection (using FITC-conjugated antibodies) and DNA analysis, because it can preserve cell light scatter properties and antigen staining. The concentration of paraformaldehyde and the duration of fixation are critical factors to be considered, as a slight excess may induce DNA crosslinking, thereby increasing the coefficient of variation (CV) of the DNA histograms. The availability of newer DNA fluorescent dyes (e.g., those developed based on the anthraquinones) should help to facilitate the combined DNA–antigen staining procedure. To identify which peak in the histogram is DNA diploid, a DNA diploid standard (normal lymphocytes, or other DNA-content standards such as chicken or trout erythrocytes) can be run with the patient’s cell suspension, in which case two aliquots are prepared for each sample. The smaller aliquot, which contains the diploid standard mixed in with the patient’s sample, is used for ploidy determination. The second aliquot is allocated for cell cycle measurements and therefore contains a larger number of cells. Because the presence of added diploid cells may interfere with cell cycle calculations, no DNA standard is added to the second aliquot.
 
 2.5 Data acquisition The data acquired from the flow cytometer consist of light scatter and fluorescence measurements on single cells suspended in a liquid stream passing single file through a monochromatic light beam produced by a laser. Each cell is an event of a particular light intensity, recorded in an appropriate channel proportional to that intensity. The light scatter measurements reflect the physical properties of the cells (cell size or internal complexities), whereas the fluorescence data give information on the membrane or intracellular molecules (proteins, DNA) depending on the antibodies and dyes used for labeling the cells. As each dye-labeled cell passes through the light beam, the fluorochrome bound to the cell absorbs light, is excited to a higher energy state, and quickly returns to its relaxed state by emitting a fluorescence signal of a longer wavelength. The fluorescence signals are collected and amplified by photodetectors.
 
 2.5.1 Calibration The various elements of the flow cytometer, namely light scatter detectors and fluorescence detectors, which include the voltage settings and spectral compensations of the photomultiplier tubes, must be monitored daily to ensure proper data acquisition. Standardized fluorescent beads are used for calibrating the instrument to determine that there have not been significant variations in the instrument settings from day to day. In this procedure, the electronics (i.e., the high-voltage settings of the photomultiplier tubes) are adjusted to place the fluorescence peaks of the beads in the same channels every time, thereby documenting any minor change in the settings. Another set of beads is used to monitor the mean channel and the CV for the FSC, SSC, and each of the fluorescence signals. These parameters are considered to be operating within acceptable limits if the CVs are					    
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