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Abstract: Leukemia is a group of hematologic malignancies characterized by the
proliferation of abnormal lymphoid or hematopoietic cells in the bone marrow
and frequent involvement of peripheral blood and other organs. Leukemia can be
classified as acute or chronic based on its rate of progression and specified as one
of the many subtypes with other information incorporated according to the WHO
classification. Common leukemias include acute lymphoblastic leukemia, acute
myeloid leukemia, chronic lymphocytic leukemia, and chronic myeloid leukemia.
With the tremendous improvement in instrumentation and reagents during the
past several decades, flow cytometry has become a powerful immunophenotyping
tool, and plays a critically important role in the diagnosis of various leukemias.
Flow cytometry can quickly identify the abnormal cell population, characterize its
phenotype, give lineage classification, make the diagnosis, or narrow down the
differential list. It can also assess the clonality of a mature B-cell or T-cell popula-
tion, and determine DNA ploidy, which is also very useful for making diagnosis or
predicting prognosis. Correlation with morphology, clinical information, and
sometimes cytogenetic/molecular findings is always necessary for accurate
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interpretation of flow cytometry results. This chapter provides an overview of the
principles and the significant roles of flow cytometry in the diagnosis of
leukemias.

Keywords: flow cytometry; leukemia; acute lymphoblastic leukemia; acute
myeloid leukemia; chronic leukemia

INTRODUCTION

Leukemia is a heterogeneous group of hematologic malignant neoplasms
characterized by the proliferation of abnormal lymphoid or hematopoietic cells in
the bone marrow (BM) and frequent involvement of peripheral blood (PB), spleen,
lymph node, and other organs. Leukemia can be classified as acute or chronic
based on its rate of progression. Acute leukemia progresses fast, and patients’
condition deteriorates quickly without treatment. In contrast, chronic leukemia
progresses slowly, and the patients may stay with the disease for a long period of
time even without treatment. Acute leukemia is the malignancy of lymphoid or
hematopoietic precursors (blasts). Based on cell origin, acute leukemia can be
classified as acute lymphoblastic leukemia, acute myeloid leukemia, or acute
leukemia of ambiguous lineage. These acute leukemias can be further classified
into many subtypes with the incorporation of more clinical, phenotypic, and
genetic information. Chronic leukemia is the malignancy of mature or maturing
lymphoid or hematopoietic cells. Most of the maturing myeloid malignancies
present as chronic leukemia. Although cases of many types of lymphomas exist
with extensive BM and/or PB involvement, the terminology of “leukemia” is only
used in the names of a few mature B-cell and T/NK cell neoplasms, which usually
show predominant BM and/or PB involvement. Leukemia is diagnosed based on
clinical information and laboratory testing results.

Flow Cytometry (FCM) is a technology capable of providing rapid multi-
parameter analysis of single cells or particles. It measures simultaneously physical
characters (size and complexity) and multiple surface/ intracellular markers of
single cells, which allows for rapid and accurate phenotypic characterization of a
cell population. Together with histomorphology and other information, multi-
parameter FCM can quickly diagnose leukemia and accurately classify leukemia
as a subtype as defined by World Health Organization (WHO) classification (1-3).
FCM study can also assess the clonality of mature B-cells by evaluating immuno-
globulin (Ig) light chain expression, and the clonality of mature aff T-cells by
evaluating T-cell receptor (TCR) Vp repertoire or TCR  chain constant 1 (TRBC1)
expression (4, 5). In addition, FCM can readily measure DNA content and deter-
mine DNA ploidy of a cell population, which is also helpful in making diagnosis
and/or predicting prognosis. The fast turnaround time of FCM testing allows for
the quick diagnosis or timely selection of the proper other ancillary tests.

Compared with immunohistochemistry (IHC), FCM is not only faster but also
capable of easily and efficiently correlating multiple parameters on a single cell.
Moreover, FCM can detect the antigen intensity and aberrant antigen expression
pattern. The major disadvantage of FCM is the lack of correlation with histomor-
phology. In addition, FCM requires viable fresh samples, and decreased viability
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of certain neoplasms often precludes accurate FCM analysis. This chapter
provides an overview of the principles and the significant roles of FCM in the
diagnosis of leukemias.

PRINCIPLES AND KEY ELEMENTS OF FLOW CYTOMETRY

With the tremendous improvement in instrumentation and reagents during the
past several decades, FCM has become a very powerful tool applied in many
research or clinical fields for a wide variety of purposes (6, 7).

Flow cytometers

Flow cytometers consist of three main systems: fluidics, optics, and electronics
(Figure 1A). The fluidics system is responsible for transporting samples to the
flow cell where the cells form a single file stream and cross the laser beam. A
stream of solution (sheath fluid) surrounding the specimen is introduced into the
instrument at higher pressure so that the cells in the specimen form a roughly
single file stream due to the phenomenon called hydrodynamic focusing. The
cells or particles in the single file stream travel through the interrogation point
where they are illuminated by light from one or more lasers. Eventually, the fluid
stream is drained into a waste container (Figure 1A). The optics system consists of
light sources (lasers), lenses, filters, and detectors. Lasers illuminate the cells or
particles, and dichroic mirrors (DMs) and optical filters (OFs) are used to direct
the resulting light signals to the appropriate detectors. DMs allow the light of
corresponding wavelengths to pass while reflecting the light of other wavelengths.
OFs further narrow the wavelengths reaching a detector. The detectors are usually
photomultiplier tubes (PMTs) or photodiode arrays (PDAs) that convert the
signals to electrical impulses, which are measured and converted to digital
information by the electronics system. The digital information is collected and
interpreted by the analysis software (6). The connected computer system directly
interfaces with the flow cytometer and controls its functions. Data analysis can be
performed either on the computer connected to the flow cytometer or on other
computers that have access to the data.

Specimens and reagents/ antibody panels

Specimens suitable for FCM analysis include PB, BM, cerebrospinal fluid, serous
effusions, fine needle aspirations (FNAs), and fresh unfixed tissue. PB and BM aspi-
rates must be anticoagulated. Sample preparation for FCM analysis varies accord-
ing to the specimen types and the antigens to be analyzed. The cell suspension
generated by mincing tissue should be filtered to remove large particles that may
clog the cytometer tubing and/or bind antibodies non-specifically. In any specimen
containing a large amount of PB, the red blood cells should be removed through a
lysis process using either a commercially available reagent or a homemade ammo-
nium chloride solution before running the sample in a flow cytometer.

The key reagents for FCM studies are {luorochrome-conjugated antibodies
against cell surface, cytoplasmic or nuclear antigens. Table 1 lists the antigens
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Figure 1. Schematic diagram of how flow cytometry works and light scatter of cells. A, After a
liquid sample with stained cells is injected into a flow cytometer, the cells are forced to form
a single file stream through hydrodynamic focusing. The cells in a single file stream are
illuminated as they travel through a laser beam, and the optical and fluorescence signals of
each cell are generated and detected by proper detectors that convert photons to electrical
impulses. The electronics system measures the electrical impulses and converts these
signals to digital information that is gathered and analyzed by specific software in a
computer. B, lllustration of forward light scatter (FSC) and side light scatter (SSC) of a cell.
C, Differentiation of peripheral blood leucocytes according to forward and side scatter
properties.

commonly evaluated in the workup for hematologic malignancies. How many
antibodies and how many tubes to run for a sample are dependent on the clinical
indication and what type of flow cytometer used. A single-laser flow cytometer can
evaluate three to five antigens simultaneously besides the light scatter properties.
A flow cytometer with more lasers can evaluate more antigens at the same time.
Eight to ten-color diagnostic antibody panels for hematologic neoplasms are
commonly used currently in the United States. The combination of antibodies in
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TABLE 1 Surface or intracellular antigens commonly
assessed by flow cytometry for lineage
classification and immunophenotyping of
hematolymphoid malignant neoplasms

Lineage Antigens

Stem cells CD34, CD38, CD45

B cells CD5, CD10, CD19, CD20, CD22, CD23, CD25, CD34, CD38, CD43,
CD45, CD79a, CD103, CD200, FMC2, cIgM, Kappa, Lambda,
LEF1, TdT

Plasma cells CD19, CD20, CD38, CD45, CD56, CD117, CD138, cKappa, cLambda

T cells/NK cells CDla, CD2, CD3, CD4, CD5, CD7, CD8, CD10, CD16, CD25, CD26,

CD30, CD34, CD45, CD56, aB-TCR, y8-TCR, TdT, TRBC1

Myelomonocytic cells CD#4, CD7, CD10, CD11b, CD11c, CD13, CD14, CD15, CD16, CD33,
CD34, CD36, CD38, CD45, CD56, CD64, CD65, CD71, CD117,
CD123, ¢MPO, cLyso, HLA-DR

Erythroblasts CD34, CD36, CD38, CD45, CD71, CD117, CD235a
Megakaryoblasts CD33, CD34, CD38, CD41, CD42, CD45, CD61, CD117, HLA-DR

The antigens in bold are lineage-specific markers. cIgM, cytoplasmic IgM; cKappa, cytoplasmic kappa; cLambda,
cytoplasmic lambda; cLyso, cytoplasmic lysozyme; cMPO, cytoplasmic peroxidase; TCR, T-cell receptor; TdT, terminal
deoxynucleotidyl transferase; TRBC1, TCR B chain constant 1.

one tube should be properly designed according to the antigens on the cells of
interest, fluorochrome characteristics and clinical purpose. In general, the antibody
against a weakly expressed antigen should be conjugated with a bright fluorochrome
to increase the chance of detecting this antigen. Color compensation to minimize
the spillover between different fluorochromes is very important in multicolor
tubes. For diagnostic purposes, antibodies are typically combined as panels to
answer specific questions about a cell population (8, 9). The screening panels
should evaluate sufficient antigens to distinguish a neoplastic cell population from
normal/reactive cells with a high degree of sensitivity.

Light scatter and fluorescence signals

Light scatter and fluorescence are the two types of signals generated and collected
for a cell as it travels through the laser beam. Light scatter is used to measure the
physical properties of a cell. Forward scatter (FSC) refers to the light scattered at
narrow angles to the laser beam, and it is collected by a detector positioned in line
with the laser beam on the opposite side of the sample stream (Figure 1B).
The FCS is proportional to the surface area or size of the cell. Side scatter (SSC)
refers to the light refracted or reflected by cytoplasmic organelles or nuclei of the
cells, and it is collected by a detector positioned at approximately 90° to the laser
beam. The SSC is proportional to the granularity and internal complexity of the
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cell (Figure 1B). Together, FSC and SSC signals allow for the separation of cells in
a specimen containing heterogeneous cell populations, e.g., three types of
leukocytes (granulocytes, monocytes, and lymphocytes) in PB readily separated
based on FSC and SSC characters (Figure 1C). When a cell crosses the laser beam,
the fluorescent dye or fluorochrome attached to the cell is excited by light of a
specific wavelength (excitation wavelength), then it absorbs the energy, gets
excited, and emits light (fluorescence) at a longer wavelength (emission
wavelength). In a flow cytometer, the fluorescent signals are detected by PMTs
after being filtered by DMs and OFs. The intensity of the fluorescent signal is
proportional to the expression level of the antigen, to which the corresponding
fluorescently labeled antibody binds.

Data acquisition and analysis

Data acquisition refers to the data collection process by which the stained cells are
running through a flow cytometer and illuminated by laser light, and the resulting
signals are detected by the optics system. The number of cells, also known as
events, required for evaluation is dependent on the purpose of the test and the
nature of the specimen. For example, in the evaluation of a PB sample with pre-
dominantly leukemic cells, a relatively low number of viable cells (e.g., 20,000/
tube) acquired is enough to characterize the phenotype of the leukemia. In con-
trast, minimal residual disease (MRD) detection usually requires a much larger
number of viable cells (e.g., >500,000/tube) acquired to increase the sensitivity
for detecting a very small population of residual malignant cells.

FCM data analysis requires specially designed software. Each flow cytometer
usually has an associated software for data acquisition and analysis. Independent
flow cytometry software, such as FCS Express, and FlowJo, with more functions
is also commercially available. The flow cytometry data can be displayed as histo-
grams or dot plots. The histograms is used for displaying a single parameter, while
the dot plot is used to display two parameters and each dot represents one cell or
particle. The stronger the signal is, the further along each scale the data are dis-
played. An antigen is called positive when its associated fluorescent signal is above
the negative control (background signal). Since most of the specimens contain
heterogeneous cell populations, an internal negative control is easily found and
used for most antigens. However, due to the possible difference of nonspecific
binding and autofluorescence levels, internal control may be misleading. Adding
nonspecific Ig of the same isotype may work as better negative control and is used
in some FCM tests.

Gating refers to the process of isolating cell populations within a heterogeneous
cell sample according to their physical and phenotypical features, and searching
for the abnormal cell population. Because normal leukocytes and hematopoietic
precursors typically show consistent and reproducible patterns on SSC vs CD45
dot plot, SSC vs CD45 gating is the most commonly used initial step to separate
various PB or BM cell populations. An abnormal cell population is identified
based on the difference(s) of its phenotype from normal. These differences include:
(i) abnormal increases or decreases of antigens normally expressed on the cells of
interest; (ii) homogeneous expression patterns of antigens that normally show
variable expression patterns; (iii) asynchronous antigen expression, and
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(iv) aberrant expression of antigens of other cell types. To appreciate these
abnormalities, the flow cytometrists must be familiar with the normal antigen
expression pattern of all the cell populations in the specimen (10).

It is very important to have a strict quality assurance (QA) practice in an FCM
laboratory to maintain consistency in FCM results. Quality control (QC) measures
must be performed and documented regularly to ensure optimal instrument
performance. Any change in the reagents, panels, instruments, or protocols must
be carefully validated to make sure that the change does not affect the results.
Clinical FCM laboratories should enroll in the available proficiency testing pro-
grams for the tests they are performing to make sure that their results are compa-
rable to others.

FLOW CYTOMETRY IN THE DIAGNOSIS OF
ACUTE LEUKEMIAS/ LEUKEMIAS OF BLASTS

Acute leukemia is a hematologic malignancy composed of abnormally proliferating
lymphoid or hematopoietic precursors (blasts). The definition of acute leukemia is
the presence of a significant number of abnormal blasts in BM according to the
WHO classification (3). A value of >20% myeloblasts of total nucleated cells is
required for making the diagnosis of acute myeloid leukemia (AML). Based on the
incoming 5" edition of WHO classification (2), the 20% threshold is not needed
for AML diagnosis if the blasts carry PML::RARA, RUNX1-RUNXITI, CBFB-MYH11,
DEK::NUP214, RBM15:MRTFA, KMT2A rearrangement, MECOM rearrangement,
NUP98 rearrangement, or NPM1 mutation. In many treatment protocols, a value of
>25% lymphoblasts is needed to make the diagnosis of acute lymphoblastic leuke-
mia (ALL). If the abnormal precursors are predominantly localized in tissue, form-
ing a solid mass lesion with no significant BM involvement, the diagnosis should
be lymphoblastic lymphoma (LBL) or myeloid sarcoma depending on the blast
type. LBL shares the same morphology, immunophenotype and biology with their
ALL counterpart, so LBL and corresponding ALL are combined as one group (ALL/
LBL) by the current WHO classification (1, 3). FCM analysis can efficiently identify
abnormal blast populations, give blasts lineage classification, aid in further WHO
classification, and sometimes provide prognostic information (11, 12)

Identification of blast population

The identification of a large blast population, such as the ALL cases in Figure 2 and
AML cases in Figure 3, is usually straightforward. Blasts usually show low SSC and
dim to intermediate CD45 expression, and thus fall in the so-called blast region
(low SSC and dim CD45) on CD45 vs SSC dot plot (13). However, not all the cells
in the blast region are blasts. Basophils and plasmacytoid dendritic cells can also be
found here, and normal B-cell precursors (hematogones) and early myeloid precur-
sors are present here as well (10). The leukemic cells of certain acute leukemias
may be seen outside of the blast region, e.g., acute promyelocytic leukemia (APL)
typically showing intermediated to high SSC (Figure 3B). Therefore, careful evalu-
ation of antigen expression profile is always necessary for the identification or
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Figure 2. Acute lymphoblastic leukemia. Representative dot plots of acute lymphoblastic
leukemia (ALL). A, Precursor B-cell ALL (B-ALL, blue) showing low side scatter, dim to
negative CD45, expression of CD19, CD10, CD34, CD22, CD38, cytoplasmic (Cyto) CD79a,
TdT, CD9, CD58, CD33, and no expression of CD20, kappa, and lambda. B, Philadelphia-like
(Ph-like) B-ALL (blue) showing expression of CRLF2. C, T-cell ALL (T-ALL, green) showing
low side scatter, intermediate to bright CD45, expression of CD7, CD4, CD8, CD1a, CD5,
Cyto CD3, TdT, CD2, and no expression of surface CD3 (sCD3), CD16, CD56, CD34, TCR
alpha beta, and TCR gamma delta. D, Early-T-precursor (ETP) ALL (dark green) being positive
for CD7, CD34, CD5 (dim and partial), CD45 (dim to negative), and negative for CD4, CD8
and CD1a.
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Figure 3. Acute myeloid leukemia. Representative flow cytometry dot plots and
cytomorphology of acute myeloid leukemia (AML). A, AML-MT1 (light pink) showing low

side scatter, dim CD45, expression of CD34 (dim), CD117, HLA-DR, CD38, CD13, CD33, CD15,
CD123 and myeloperoxidase (MPO), and no expression of CD71, CD64, CD14 and lysozyme.
The blasts are large with irregular nuclei, fine chromatin, prominent nucleoli, abundant
cytoplasm with thin single Auer rods and no or sparse granules. B, AML-M3 (acute
promyelocytic leukemia) (orange) showing intermediate to high side scatter, intermediate
CD45, expression of CD117, CD38, CD13, CD33, CD15 (dim), CD64 (dim and partial), CD71
(partial), MPO, lysozyme (partial), and no expression of CD34, HLA-DR, CD14, CD11b, and
CD11c. The leukemic cells are large with round or irregular nuclei, abundant large
azurophilic granules and multiple Auer rods (lower cell). C, AML-M5 (magenta) showing low
to intermediate side scatter, intermediate to bright CD45, expression of HLA-DR, CD38,
CD33, CD123, CD64, CD11b, CD11c, lysozyme, CD13 (small subset), CD14 (small subset), and
no expression of CD117, CD34, and MPO. The blasts are large with round or oval nuclei, fine
chromatin, inconspicuous nucleoli and abundant basophilic cytoplasm. D, AML-M7 with
RAM phenotype (RAM-AML, red) being positive for CD34, CD56 (bright), CD117, CD61 (dim),
CD38 (dim to negative), CD45 (dim to negative), and negative for HLA-DR. The blasts are
medium to large in size with round or oval nuclei, fine chromatin, inconspicuous nucleoli
and cytoplasmic blebs.
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separation of the abnormal blast populations, especially in the specimens with a
low number of blasts. Blasts often differ from mature cells by expressing immature
markers and lacking antigens typically present on mature cells. For example,
myeloblasts can be distinguished from mature or maturing myeloid cells by the
expression of immature markers such as CD34 and CD117, and the absence of
maturation markers such as CD11b, CD15, and CD16. Neoplastic blasts often
have an abnormal phenotype that is different from that of normal hematopoietic
precursors. Phenotypic abnormalities include altered expression level or pattern of
antigens, aberrant expression of markers of another cell lineage, and asynchronous
or dyssynchronous expression of antigens. For example, compared with hemato-
gones (normal B-cell precursors in BM), leukemic cells of B-cell ALL (B-ALL) com-
monly show increased CD10, decreased CD38, aberrant expression of myeloid
marker CD13 or CD33, and dyssynchronous co-expression of CD34 and CD20.
The knowledge of normal precursor antigen expression patterns is especially
important for evaluating post-treatment specimens, which commonly contain nor-
mal regenerative precursors and very low-level residual leukemia (14, 15).

Assignment of blast lineage

Accurately and quickly classifying an acute leukemia case as AML, B-ALL or T-ALL
is very important for the timely selection of appropriate treatment. Leukemic
blasts often show antigen expression profile resembling certain cell type and
therefore can be assigned to that lineage by FCM analysis. As shown in Figure 2,
lymphoblasts of ALL usually show low SSC and phenotype of precursor B cells or
precursor T cells. Leukemic blasts from de novo B-ALL are almost always positive
for CD19, cytoplasmic CD22 and cytoplasmic CD79a, and negative for surface Ig.
Most of the B-ALL cases are positive for surface CD22, CD10, CD38, TdT and
CD24. CD34 is commonly expressed, but its expression is quite variable, and
often dim or partial. CD45 is usually dim and can be completely negative. CD20
is commonly negative or partially positive. B-ALL cases can be subclassified based
on developmental stage as demonstrated by immunophenotyping, which is of
little clinical significance nowadays and not required to be mentioned in pathol-
ogy reports. For example, the majority of B-ALL cases express CD10 and are
called common ALL (intermediate developmental stage); the B-ALL cases negative
for CD10 are classified as pro-B ALL (early stage); the B-ALL cases expressing
cytoplastic p chain are classified as Pre-B ALL (late stage). Leukemic blasts from
B-ALL can aberrantly express myeloid antigens (usually CD13 and CD33, occa-
sionally CD15), and frequently show abnormal expression patterns of some non-
specific markers such as CD58 and CD9 (Figure 2A), which are commonly
included in the FCM panel for B-ALL MRD detection. Leukemic blasts of T-ALL
are always positive for cytoplasmic CD3, usually positive for TdT, CD7, CD38,
CD45 (dim), and variably positive for other pan T-cell antigens (surface CD3,
CD2, CD4, CD5, CD8), T-cell receptor, CD10, and other immature markers
(CD1a, CD34 and CD99) (Figure 2C). Some T-ALL cases can aberrantly express
CD56, CD79a, CD117, or myeloid markers such as CD13 or CD33. In some
cases, especially in the specimens collected after treatment, the immature markers
can be very dim or completely absent, and the immature nature has to rely on
detection of the absence of surface CD3, dual CD4/CD8 positivity or dual CD4/
CD8 negativity (11). Early T-cell precursor T-ALL (ETP-ALL, Figure 2D) is defined
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by a characteristic phenotype: CD8-, CD1a-, CD5- or dimly+ in <75% blasts, and
positive for at least one of the myeloid or stem cell markers (CD11b, CD13, CD33,
CD34, CD65, CD117, HLA-DR). ETP ALL is considered a high-risk T-ALL sub-
type, especially in adult patients (16), and it is listed as a separate entity in the
WHO classification (1, 3).

The morphology and phenotype of AML cases vary greatly according to the
differentiation direction and maturation level of the blasts. Leukemic blasts of
AML with minimal differentiation (FAB-MO) or AML with no maturation (FAB-
M1, Figure 3A) usually show low SSC, express early hematopoietic precursor anti-
gens (CD34, CD38, and HLA-DR) and lack antigens associated with myeloid and
monocytic maturation, such as CD11b, CD14, CD15, and CD65. Blasts express at
least two myeloid-associated antigens, such as CD13, CD33 and CD117. CD38
and/or HLA-DR expression may be decreased. Rare cases may show asynchronous
expression of CD11b or CD15. Myeloperoxidase (MPO) is usually positive in
AML-M1, negative or minimally positive in AML-MO by FCM. Blasts can aber-
rantly express CD7, or rarely other lymphoid markers. The leukemic blasts of
AML with maturation (FAB M2) usually express multiple myeloid antigens associ-
ated with granulocytic differentiation, such as MPO, CD11b, CD13, CD15, CD33,
and CD65. HLA-DR, CD34, CD38 and CD117 are usually positive but can be
partially negative. Hypergranular variant of APL (FAB-M3) (Figure 3B) usually
shows intermediate to high SSC and is characterized by absence or minimal
expression of HLA-DR and CD34, and lack of leukocyte integrins CD11a, CD11b
and CD18. CD13, CD33, CD64, CD117 and MPO are usually positive, while the
granulocytic maturation markers CD15 and CD65 are usually negative or only
weakly positive. In cases with microgranular morphology, there is a frequent
expression of CD2 and CD34 by at least a portion of the leukemic cells. Leukemic
blasts from AML with monocytic differentiation variably express the myeloid anti-
gens CD13, CD15, CD33 (often bright), and CD65; they always express some
monocytic markers such as CD14, CD64, CD4, CD163, CD11b, CD11c, CD36,
and lysozyme. Most cases express HLA-DR, CD38, and CD123. CD34 and CD117
are positive in a subset of cases. MPO is often negative in acute monoblastic leu-
kemia (FAB-M5a, Figure 3C), but may be partially positive in acute monocytic
leukemia and acute myelomonocytic leukemia. Glycophorin A is the lineage-
specific marker for acute erythroid leukemia (FAB M6), which is usually also
positive for CD71, CD36, and CD117, and negative for CD34 and HLA-DR.
CD41, CD61 and CD42b are specific markers for acute megakaryoblastic leuke-
mia (FAB M7), which is often negative for CD34 and HLA-DR. The abnormal
megakaryoblasts are usually positive for CD36, and often express CD13, CD33,
and CD117, and may aberrantly express CD7, CD4 or CD56. Surface staining of
CD41 and CD61 is less specific than their cytoplasmic staining due to possible
adherence of platelets to blasts leading to false positive interpretation (17).

Blastic plasmacytoid dendritic cell neoplasm (BPDCN) expresses CD4, CD56
(bright), CD36, CD38, CD43, CD45, CD71, HLA-DR, as well as plasmacytoid
dendritic cell (PDC) associated markers (CD123, CD303, CD304, TCF4, TCL1)
(2, 18). CD45 expression may range from dim to moderate. SSC of the tumor cells
is usually low. CD7 and CD33 are relatively commonly expressed. TdT is positive
in approximately one-third of the cases, and occasional cases may express CD117.
Based on the WHO diagnostic criteria (2), BPDCN can be diagnosed in the pres-
ence of CD123 and one other PDC-associated marker in addition to CD4 and/or
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CD56, or the presence of three PDC-associated markers and the absence of CD34
and other cell type-specific markers including CD3, CD14, CD19, lysozyme, and
MPO. Given the presence of other hematologic malignancies with similar
phenotypes, correlation with histomorphology, clinical information and IHC
studies is always necessary to make a definitive diagnosis of BPDCN.

Lineage classification in some cases can be difficult. There are ~4% of acute
leukemia cases with no overt evidence of differentiation along a single lineage.
These cases can be separated into two groups: acute undifferentiated leukemias
and mixed-phenotype acute leukemias (MPALs, Figure 4). MPAL may have one
population of blasts expressing antigens belonging to two lineages (biphenotypic,
Figure 4B), or have two distinct blast populations (bilineal, Figure 4C). There are
defined criteria for assigning more than one lineage to a leukemic cell population
for WHO classification (Figure 4A) (2). To qualify for B-cell lineage, the leukemic
blasts with strong CD19 expression should have strong expression of at least one
of the following: CD10, CD79a, and cytoplasmic CD22, or the leukemic blasts
with weak CD19 expression should have at least two of these three other B-cell
markers. For CD19 expression to be considered as strong, the intensity of CD19
in at least part of the leukemic blasts should reach 50% of hematogone level. CD3
(cytoplasmic or surface) is the only lineage-defining marker for T-cell, and its
presence at a high intensity (at least partially >50% of the mature T-cell level) is
enough to classify the blasts as T-cell lineage. Myeloid lineage is determined by the
expression of cytoplasmic MPO, which can be detected by FCM, THC stain or
cytochemical stain. Monocytic lineage is determined by the diffuse expression of
at least two of the following: nonspecific esterase, CD11c, CD14, CD64, and
lysozyme. The most common combination is a myeloid lineage with a T-cell or
B-cell lineage. Other combinations are also possible. No clear cut-off values on the
percentage of positive blast cells have been given for these lineage-defining
markers. MPO may be present at a low level on a small portion of leukemic
lymphoblasts. Without other myeloid markers, this kind of MPO expression
should not be interpreted as myeloid and lymphoid MPAL (3, 19). Acute
undifferentiated leukemias lack antigens specific for any cell lineages as mentioned
above, but often express HLA-DR, CD34, and CD38, and may express TdT.

Enumeration of blasts

FCM study can determine the precise percentage of blasts in the samples. However,
the percentage of blasts by FCM often differs from that by the gold standard
method — manual differential count of aspirate smears. There are several possible
explanations for this discrepancy. First, the BM aspirate specimens submitted for
FCM analysis are often not the first draw and contain fewer bone marrow spicules
with greater dilution with PB. Second, there are likely unlysed erythrocytes in the
sample, which increase the denominator for calculating blast percentage. Third,
some blasts may be phenotypically difficult to capture and not included in the
blast population. These are all possible reasons why blast percentage by FCM is
lower than that by manual differential count. The blast percentage by FCM can
also be higher due to decreased denominator resulting from the loss of nucleated
erythroid precursors during the RBC lysis process. In addition, FCM analysis can
identify neoplastic cells that might be missed by manual count because of atypical
morphology or suboptimal smears. Moreover, the manual count may include
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Figure 4. Mixed-phenotype acute leukemia (MPAL). A, WHO lineage assignment criteria for
MPAL. NBP, normal B-cell precursor; MPO, myeloperoxidase. B, Biphenotypic T-cell/Myeloid
MPAL showing one blast population (green) positive for cytoplasmic (Cyto) CD3, MPO
(partial), CD7, CD34, CD5, CD4 (partial), CD38, CD71, CD11b, CD117, CD13, HLA-DR (partial),
and negative for surface (Surf) CD3 and CD8. C, Bilineal B-cell/Monocytic MPAL showing two
distinct blast populations: one (purple) with low to intermediate side scatter, positive for
CD33, CD38, HLA-DR, CD36 (partial), CD123, CD64, CD14 (partial), CD11b and CD11c, and
negative for others; the other (blue) with low side scatter, positive for CD19, CD38, CD10
(partial), CD79a, CD34, CD11b (partial), and negative for others.
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some normal immature precursors, such as hematogones, as leukemic blasts.
Therefore, it is necessary to perform both FCM and manual count for blast enu-
meration and investigate the cause of significant discrepancies.

Predicting cytogenetic abnormality and prognosis

Currently, cytogenetic/molecular testing is critical for further WHO classification
and risk stratification of acute leukemias. The prognostic value provided by FCM
immunophenotyping is most likely attributed to its prediction of certain cytoge-
netic/molecular subtypes. For example, CD10- B-ALL is commonly seen in B-ALL
with KMT2A rearrangement, which is also commonly positive for CD15 and has a
very poor prognosis. The detection of CRLF2 expression (Figure 2B) is associated
with CRLF2 gene alteration that is commonly seen in Philadelphia-like ALL and
associated with poor prognosis (20). AML with t(8; 21)(q22;q22) commonly
expresses B-cell markers such as CD19 and is associated with a favorable
prognosis (21). Aberrant expression of CD2 in APL is associated with FLT3-ITD
(22). However, FCM immunophenotyping should not be considered a surrogate
tool for the detection of these subtypes due to the lack of specificity and sensitivity.
As mentioned above, ETP-ALL (Figure 2D) is defined by the typical early-T-
precursor immunophenotype and is associated with poor clinical outcomes in
adult patients (16). AML with RAM phenotype (Figure 3D) is defined by the char-
acteristic phenotype ( bright CD56 expression, dim to absent CD38, dim to absent
CD45, and absent HLA-DR), and is associated with a very poor prognosis (23).
FCM can measure DNA content and assess DNA ploidy for a cell population.
This process involves staining cells with a DNA-binding fluorescent dye and then
analyzing fluorescent signals of the cells of interest. A histogram is displayed with
different ploidy patterns based on the DNA content of the cells in the sample
(Figure 5). DNA ploidy is used for further classification of B-ALL and provides
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Figure 5. DNA ploidy histogram of precursor B-cell acute lymphoblastic leukemia (B-ALL).

A, DNA diploid B-ALL (leukemic cells not separated from normal blood cells). B, DNA
hyperdiploid B-ALL (orange color peak, DNA Index = 1.16). C, DNA hypodiploid B-ALL

(orange color peak, DI = 0.73). D. Near-tetraploid B-ALL (orange color peak, DI = 1.90).
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important prognostic information. High hyperdiploidy in B-ALL (usually DNA
index >1.16, Figure 5B) is associated with a very favorable prognosis, while hypo-
diploidy (DNA index <1, Figure 5C) is associated with poor prognosis (1).

FLOW CYTOMETRY IN THE DIAGNOSIS OF
MATURE B-CELL LEUKEMIAS

Mature B-Cell neoplasms consist of a heterogeneous group of lymphoid neoplas-
tic diseases derived from B cells, which can be briefly divided into two groups:
Hodgkin lymphoma (HL) and non-Hodgkin lymphoma/leukemia /lymphoprolif-
erative disorders (non-HL). Although many of the non-HLs can have a leukemic
phase with significant BM and/or PB involvement, the “leukemia” term is only
used in the names of a very limited number of non-HLs, i.e., chronic lymphocytic
leukemia (CLL), hairy cell leukemia (HCL) and Splenic B-cell lymphoma/leuke-
mia with prominent nucleoli (1). FCM is a very powerful tool for diagnosing non-
HLs. FCM analysis can efficiently identify an atypical lymphoid population,
differentiate neoplastic proliferation from reactive proliferation, characterize the
phenotype of the neoplastic cell population, and assist in WHO classification. The
neoplastic B cells can be distinguished from normal/reactive B cells by the identi-
fication of two main types of phenotypic abnormalities: immunoglobulin light
chain restriction and aberrant antigen expression. These two types of abnormali-
ties are present in most of the non-HL cases and can be efficiently identified by
FCM analysis. Due to the large size, low proportion of tumor cells and T-cell reset-
ting on tumor cells of HL, FCM is not useful in diagnosing HL.

Immunoglobulin light chain restriction/ B-cell clonality assessment

Neoplastic B cells express only one class of light chain (i.e., kappa or lambda)
(Figure 6 A-D), whereas normal or reactive B cells always consist of a mixture of
kappa-expressing B cells and lambda-expressing B cells (Figure 6E). The finding
of only one class of light chain (light chain restriction) indicates a monoclonal
B-cell proliferation. Light chain restriction may occasionally be seen in nonneo-
plastic reactive B-cell populations (24); therefore, it should not be considered
equivalent to monoclonality, or by itself diagnostic of neoplasia. It should always
be interpreted in combination with clinical information, morphology, and some-
times cytogenetic or molecular testing results. Identification of a large population
of light chain-restricted B cells is usually straightforward, and it is reflected in an
abnormal kappa-to-lambda ratio (Figure 6A-D). However, in the specimens with
lots of admixed reactive B cells, evaluations of the kappa-to-lambda ratio may fail
to identify a small clonal population. To increase the sensitivity, separate evalua-
tions of B-cell subsets with distinct phenotypes and/or light scatter characters
should be performed. When evaluating small populations of B cells for light chain
restriction, caution should be exercised because reactive B cells may include small
subsets of phenotypically identical cells. Some germinal center B (GCB) cells may
show the absence of both classes of light chain, or may show one class of light
chain excess, and they should not be interpreted as an abnormal CD10+ B-cell
population (Figure 6F). It is important to include a prewash step to avoid false
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negative results due to soluble antibodies in the samples interfering with the bind-
ing of fluorochrome-conjugated antibodies. It should be noted that B-lymphoblasts,
plasma cells and thymic B cells are negative for surface Ig, and so are their neo-
plastic counterparts: B-ALL, plasma cell neoplasms, and primary mediastinal large
B-cell lymphoma.

Aberrant B-cell antigen expression

FCM analysis can identify phenotypic deviations of mature B-cell neoplasms from
normal antigen expression patterns of B-cells. The most easily recognized pheno-
typic aberrancy is the presence of antigens not normally expressed by B cells. For
example, CD5, a T-cell antigen, can be aberrantly expressed in CLL and mantle
cell lymphoma (MCL). It should be noted that a small population of mature B
cells normally express CD5. These mature CD5+ B cells are often found in PB but
may also be detected in lymph nodes or other tissue specimens, especially in pedi-
atric patients or patients with autoimmune diseases (25). Therefore, interpreta-
tion of CD5 expression by B cells needs the correlation with other phenotypic
features. Another type of phenotypic aberrancy is the abnormal expression of
antigens not typically present in the B cells of a particular subset. For example,
normal GCB cells are Bcl-2-, whereas Bcl-2 is positive in most other B-cell subsets.
Abnormal Bcl-2 expression is found in most follicular lymphoma (FL) cases,
which are derived from GCB cells and express GCB markers CD10 and BCL6.
Other phenotypic aberrancies include alteration in the expression level of B-cell-
associated antigens. For example, CLL often demonstrates decreased CD20, sig-
nificantly decreased or absent FMC7, and detectable CD23 (17).

Classification of mature B-cell leukemias/ lymphomas

FCM immunophenotyping plays an important role in the classification of mature
B-cell neoplasms. Each type of these diseases has some unique or relatively spe-
cific phenotypic features, and FCM findings in combination with histomorpho-
logic features can make the final diagnosis in most cases. Most mature non-plasma
cell B-cell neoplasms are positive for B-cell markers CD19, CD20, CD22, CD79a,
and surface Ig (sIg), but the expression levels of these markers vary among the
neoplasms. CLL is the most common leukemia in the Western world and is char-
acterized by the clonal proliferation of abnormal mature CD5+ B cells in BM, PB,
spleen and lymph nodes. CLL has a characteristic phenotype: CD20+ (weak),
CD22+ (weak), CD23+ (often moderate to bright), FMC-7-, and slg+ (weak with
light chain restriction). This phenotype is enough to make the diagnosis in con-
junction with the typical morphology in the majority of the cases. CD200 is con-
sistently expressed in CLL, but not in MCL. The addition of CD200 in the panel
has increased the sensitivity to identify CLL, even for the atypical cases (26).
Lymphoid enhancer-binding factor 1 (LEF1) is highly expressed in CLL, but not
detected in most other B-cell neoplasms, so it is considered a highly specific
marker for CLL (27, 28). Including LEF1 in the FCM panel will increase the sen-
sitivity and specificity for diagnosing CLL. MCL, another CD5+ small lymphocytic
neoplasm, can also have significant PB involvement and should be differentiated
from CLL. MCL usually shows a phenotype easily distinguished from CLL by
FCM: CD20+ (moderate to bright), slg+ (moderate to bright), CD23- or only
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weakly+, FMC-7+, CD200-, LEF1-. The phenotype of MCL is more variable than
that of CLL; hence, additional studies are usually needed to confirm the diagnosis.
These studies include THC stain for cyclin-D1 on paraffin section, cytogenetic
study to identify the translocation t(11; 14)(q13;q32), or fluorescence in situ
hybridization (FISH) analysis for CCNDI gene rearrangement.

HCL is a rare indolent neoplasm of small mature B cells with characteristic
hairy projections. It usually involves PB and diffusely infiltrates the BM and
splenic red pulp. HCL has a very distinctive phenotype: CD20+ (bright), CD11c+
(bright), CD25+, CD103+, CD22+ (bright), slg+ (intermediate to bright with light
chain restriction), FMC-7+, CD23-, CD5-, and CD10-. This phenotype together
with the characteristic morphology is enough for making the diagnosis of HCL.
Occasionally classic HCL may show some deviations from this characteristic phe-
notype, e.g., CD10+, CD23+, CD103- or CD25-. The presence of phenotypic
variations does not necessarily qualify the case as the HCL variant (vHCL) (29).
The term vHCL, included in the new entity of splenic B-cell lymphoma/leukemia
with prominent nucleoli in the 5" edition WHO classification, has been used to
describe the cases with an unusual combination of morphologic, clinical, and
phenotypic findings (1). vHCL usually presents with leukocytosis with no mono-
cytopenia, and shows tumor cells with more variable morphology, often lacking
the staining for TRAP, and negative for CD25, Annexin Al and CD200. Marginal
zone lymphoma (MZL) is usually distinguished from HCL by the lack of com-
bined positivity for CD11c, CD25 and CD103, and the lack of bright staining for
CD20 and CD22. Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous
group of B-cell lymphomas variably positive for B-cell markers with light chain
restriction. High FSC is usually present in DLBCL and it reflects the large size of
the tumor cells and can be used as a feature to distinguish DLBCL from small
mature B-cell neoplasms. It is worth remembering that occasionally any subtype
of these B-cell neoplasms can have cases with an atypical phenotype. Correlation
with morphologic features, clinical information, and sometimes cytogenetic/
molecular findings is always required for accurate interpretation of FCM results.

Enumeration of clonal B cells

FCM numeration of clonal B cells, either through single-platform by using quan-
tification beads or two-platform by using WBC count from hematology analyzer,
is important to distinguish monoclonal B-cell lymphocytosis (MBL) from CLL.
For the diagnosis of CLL, there must be a monoclonal B-cell count > 5 x10%/L,
with the characteristic morphology and phenotype of CLL in the PB. Individuals
with a clonal CLL-like cell count < 5 x10%L and without lymphadenopathy,
organomegaly, or other extramedullary disease are considered to have MBL. MBL
is defined as the presence of a clonal B-cell population less than 5 x 10/L in the
PB without other evidence of lymphoma or lymphoproliferative disorder. Most of
the MBL cases present with the immunophenotype of CLL. Depending on the
B-cell count, MBL can be classified as low count (<0.5 x 10%L) or high count
(>0.5 x 10%L). Low-count MBL can be detected in up to 5% of adults over 40
years of age. Low-count MBL and high-count MBL have different prognoses, and
some different biological and genetic characteristics (30). High-count MBL
progresses to CLL at a rate of 1% to 2% per year, while low-count MBL rarely
progresses to CLL (3, 30).
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Diagnosing plasma cell leukemia

Plasma cell neoplasm (PCN) results from the expansion of a clone of abnormal
terminally differentiated B-cells-- plasma cells. Plasma cell leukemia (PCL) is a
rare form of PCN in which clonal plasma cells account for >20% of total leuko-
cytes in PB. Identification of a large clonal plasma cell population with restricted
cytoplasmic light chain expression is the basis for the diagnosis of PCL. CD38 and
CD138 are two commonly used markers for the identification of plasma cells.
CD38 is expressed by a wide variety of cell types at a lower intensity than plasma
cells, while CD138 is more specific for plasma cells but is less sensitive. The neo-
plastic plasma cells often demonstrate an abnormal CD19- CD20- phenotype,
which is different from most normal CD19+ CD20- plasma cells and CD19+
CD20+ mature B-cell neoplasms. Aberrant CD56 expression is identified in most
cases of PCN (31). Decreased CD38 and/or CD138, abnormal gain of CD28, and
loss of CD27 are common in PCN, and some PCN cases express CD117 (32).
Although FCM is very useful in identifying abnormal plasma cell populations and
making a distinction between plasma cell neoplasms and other mature B-cell
malignancies, the diagnostic utility of FCM is limited by its difficulties in enumer-
ating plasma cells. FCM usually identifies fewer plasma cells than manual count
on the smears or IHC stain on biopsy sections. This discrepancy likely results
from sampling difference, loss of plasma cells during sample processing, or a
combination of both.

FLOW CYTOMETRY IN THE DIAGNOSIS OF MATURE
T/NK CELL LEUKEMIAS

Mature T-cell or NK-cell neoplasms consist of a heterogeneous group of neoplastic
diseases derived from T cells or NK cells. The mature T-cell or NK-cell neoplasms
with “leukemia” in their names include T-prolymphocytic leukemia (T-PLL),
T-large granular lymphocytic leukemia (T-LGL), NK-large granular lymphocytic
leukemia (NK-LGL), adult T-cell leukemia/lymphoma (ATLL), aggressive NK-cell
leukemia (A-NKL). Other T/NK cell neoplasms, such as Sezary syndrome (SS),
also have leukemia presentation or leukemic phase even though they don't have
“leukemia” in their names. FCM is very useful in the diagnosis and classification
of mature T/ NK-cell neoplasms. However, it is often more difficult to identify
phenotypically abnormal mature T- or NK-cells than abnormal mature B cells, and
FCM immunophenotypic features are usually not specific or diagnostic for any
subtype of T/ NK-cell neoplasms.

Abnormal mature T-cell or NK-cell population can often be identified by FCM
study through the detection of aberrant antigen expression. With the recent avail-
ability of specific antibodies against TRBC1, the clonality of an alpha beta T-cell
population can also be assessed by a one-tube FCM assay (4). The application of
clonality assessment by TRBC1 expression has increased the sensitivity and speci-
ficity of FCM analysis in the identification of an abnormal mature T-cell
population.
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Identification of restricted populations of T cells or
NK cells/ clonality assessment

Alteration of CD4/CD8 ratio in T cells is not a useful indicator of clonality or neo-
plasia since it can be seen in many reactive or medical conditions. However, a
significant deviation of the CD4/CD8 ratio from normal can raise concern for the
presence of an abnormally restricted T-cell population. For example, an increased
CD4/CDS8 ratio in PB can lead to further evaluation of the expression of CD26 and
CD7 on CD4+ T cells. Significant loss or absence of CD7 and/or CD26 in the
CD4+ T-cell population points to the diagnosis of SS. The traditional FCM method
for T-cell clonality assessment is to evaluate TCR V[ repertoire. Normal T-cell
populations are composed of a mixture of cells expressing variable VP family
subtypes, while T-cell neoplasm is the expansion of a clone of T cells with restricted
VP expression. Since there are more than 20 functional V(B families and many
more subfamilies, this FCM test for TCR V{3 repertoire is complex and labor inten-
sive, and it consumes a large volume of samples and reagents with limited sensi-
tivity. Therefore, it is not widely used in clinical FCM laboratories. FCM assessment
of T-cell clonality is significantly improved with the recent advent of the antibody
specific for TRBC1, one of two mutually exclusive TCR B-chain constant regions.
Normal /reactive alpha beta T cells include a mixture of cells expressing TRBC1 or
TRBC2 (TRBC1-) (Figure 6K), while the clonal T-cell population is either TRBC1
positive (Figure 6G-]) or negative. This FCM assay has been tested in many mature
alpha beta T-cell neoplasms and proved very useful (4, 5). The panel should
include antibodies for TCR af and/or TCR y0 besides TRBC1 because TRBC1 is
normally negative in y8 T cells, which can serve as an internal negative control
(Figure 6L). This assay is not useful for y§ or CD3-negative mature T-cell neo-
plasms due to the absence of the TCR B chain.

NK cells have no TCR, and hence cannot be assessed for clonality by using the
TCR VB / TRBC1 FCM test or PCR for TCR gene rearrangement. FCM analysis of
NK-receptor (NKR) expression has been developed to seek evidence of NK-cell
clonality (33). Normal and reactive NK-cell populations express a variety of NKRs,
whereas neoplastic NK-cell populations express a more restricted NKR
repertoire.

Aberrant T-cell antigen expression

T-cell neoplasms often demonstrate altered expression of T-cell markers, which
is often characterized by the complete loss of one or more pan-T-cell antigens.
Rare extreme cases can lack multiple or all T-cell-associated antigens, showing
a “null” phenotype, which can make cell lineage determination very difficult.
CD5 and CD7 are the most frequently lost antigens in T-cell neoplasms. It
should be noted that a small population of non-neoplastic CD7- T cells is well
recognized in PB, BM and skin biopsy specimens, and CD7- T cells may expand
in some reactive conditions, such as benign dermatoses. In addition, small
subsets of T cells may lack CD5, e.g., CD3+CD5- ¥y T cells. Some mature T-cell
neoplasms can be dual CD4/8- or dual CD4/8+, which is more commonly seen
in TALL/LBL and can also be seen in some normal/reactive T-cell subsets (10, 34).
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Figure 6. Assessment of clonality of B-cells and T-cells by flow cytometry. Burkitt leukemia

(BL, blue) expressing CD45 (A), CD19 and CD10 (B), CD20 and CD38 (C), and showing kappa
restriction (D). Reactive B cells (light pink) being polytypic (E). Germinal center B cells
(magenta) showing kappa predominance and partial double-negativity for both kappa and
lambda in a thyroid FNA sample from a patient with autoimmune thyroiditis. (F). Anaplastic
large cell ymphoma (ALCL, green) being CD45+ (G), CD4+ and CD5-(H), TCR alpha beta+
and CD3+ (1), and expressing TRBC1 only (monotypic, }). Reactive CD4+ and CD4- T cells
(golden) containing mixed TRBC1+ and TRBC1- populations (polytypic, K). Gamma delta

T cells (red) always negative for TRBC1 (L).

The altered Altered staining intensity of T-cell antigens is more frequent than
complete loss of them in T-cell and NK-cell neoplasms. However, these changes
are more subtle and must be distinguished from the normal or reactive T/
NK-cell subsets normally with these variations (10, 34). T/ NK-cell neoplasms
can also aberrantly express antigens of other cell types, such as CD15, CD13,
and CD33. Again, it should be noted that small subsets of normal/reactive T/NK
cells can have markers more specific to other cell types, e.g., subsets of NK cells
expressing CD19, CD33 or CD117 (10).

Classification of mature T-cell or NK-cell leukemias/ lymphomas

Although phenotypic heterogeneity exists in nearly all of the T-cell neoplasms,
the common or typical features can be identified in most of the cases by FCM.
SS and mycosis fungoides (SS/MF) commonly have a CD3+ CD4+ CD26- CD7-
T-cell phenotype, which is not specific for these diseases and therefore should



Flow Cytometry in Leukemias

be interpreted in conjunction with the clinical presentation and morphologic
features. CD8+ MF exists and is more commonly seen in the pediatric population
with a hypopigmented feature. Although SS and MF share lots of similarities in
morphology and phenotype, they have different cell origins and should be
considered two distinct diseases (35). The normal counterparts of SS tumor
cells are circulating central memory T cells, while the counterparts of MF tumor
cells are skin-resident memory T cells. ATLL can have a similar CD3+ CD4+
CD7- phenotype to SS/ME, but it usually shows strong CD25 expression and is
positive for human T-cell leukemia virus-1 (HTLV-1), the etiologic agent of
ATLL. Anaplastic large cell lymphoma (ALCL) primarily involves lymph nodes
and skin but may involve BM, PB and any other sites with variable phenotype
and morphology. ALCL is commonly CD4+, CD2+, CD25+, usually positive for
cytotoxic granule-associated proteins and EMA, and often lacks multiple other
T-cell antigens. IHC stains are usually required for the definite diagnosis of
ALCL. CD30 is always positive, diffusely, and strongly with membrane and
Golgi staining pattern. The diagnosis of ALK+ ALCL is established based on the
expression of ALK-1 protein or the identification of ALK gene rearrangement.
T-LGL usually demonstrates a CD8+ T-cell phenotype with a frequent decrease
of CD5 and/or CD7 expression. Most T-LGL cases express CD57, CD16,
cytotoxic granule-associated proteins granzyme-B, perforin and TIA-1, while
the expression of CD56 is uncommon. A diagnosis of T-LGL is often established
by combining this phenotype with morphologic and clinical features.
Hepatosplenic T-cell lymphoma (HSTL) is frequently CD4-CD8- (occasionally
CD4-CD8+) with the expression of CD56 and no expression of CD57 and CD5.
Most HSTL cases express TCR y8, demonstrate a nonactivated cytotoxic
phenotype with expression of TIA-1 but no granzyme-B and perforin, and
frequently demonstrate the cytogenetic abnormality of isochromosome 7q
(36). T-PLL has a mature T-cell phenotype with expression of surface CD3 and
most other T-cell antigens including CD2, CD5, and CD7. T-PLL is frequently
CD4+, or dual CD4/8+, negative for CD25 and cytotoxic granule-associated
proteins. A diagnosis of T-PLL can be established in most cases by the correlation
of immunophenotype with morphology, clinical features and/or demonstration
of TCL1IA/B gene rearrangement. Enteropathy-associated T-cell lymphoma
(EATL) is usually negative for CD4, CD5 and CD8, positive for CD3, CD7,
CD103, and cytotoxic granule-associated proteins TIA-1, granzyme-B, and
perforin. EATL is commonly associated with celiac disease. Monomorphic
epitheliotropic intestinal T-cell lymphoma (MEITL) shares some similarities in
phenotype with EATL, but it is commonly CD8+, CD56+ and shows no clear
association with celiac disease (3, 34, 37). As expected, the phenotype of PTCL,
NOS is quite heterogeneous and often overlaps with other mature T-cell
neoplasms. Other specified T-cell neoplasm entities must be excluded before a
diagnosis of PTCL, NOS can be made.

NK-cell neoplasms, including NK-LGL, A-NKL, extranodal NK/T cell lym-
phoma (ENK/TCL), and EBV+ NK-cell lymphoproliferative diseases of childhood,
have some overlapping phenotypic features, and it is important to distinguish the
more aggressive neoplasms (A-NKL and ENK/TCL) from those with a more indo-
lent course. A-NKL and ENK/TCL share many features, including an NK cell
phenotype and the presence of EBV. They are usually positive for CD2, CD56,
EBV, and cytotoxic granule-associated proteins TIA-1, granzyme-B, and perforin.
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Surface CD3 is negative, but cytoplasmic CD3-epsilon is usually positive. CD4,
CD5 and CD57 are usually negative (38). The distinction between them is usually
made on clinical grounds. A-NKL presents with BM involvement, circulating neo-
plastic cells, cytopenias and constitutional symptoms, while ENK/TCL is a tissue-
based mass lesion, commonly seen in the nasal cavity and surrounding area, and
demonstrating angiocentric and angiodestructive growth pattern. NK-LGL, previ-
ously named chronic lymphoproliferative disorder of NK cells, is characterized by
a persistent increase of NK cells in PB without an identified cause. NK-LGL is rare,
not associated with EBV, and usually shows a chronic clinical course with many
similarities with T-LGL. By FCM study, NK-LGL usually demonstrates a mature
NK-cell phenotype with dim or absent CD2, CD7 and CD57, and restricted or
abnormal NK-cell receptor expression (34).

FLOW CYTOMETRY IN THE DIAGNOSIS OF MATURE OR
MATURING MYELOID LEUKEMIAS

Maturing myeloid neoplasms are a diverse group of neoplasms composed of neo-
plastic hematopoietic precursors at different maturation stages. Most of these dis-
eases present as chronic leukemia. The diagnosis of these diseases is based on the
combination of clinical information, blood cell counts, histomorphology of BM,
and cytogenetic/molecular testing results. Although the aberrant phenotype of
hematopoietic precursors is commonly detected in these neoplasms (39, 40), the
diagnostic value of FCM immunophenotyping in these neoplasms is limited, and
the significance of identifying phenotypic aberrancies in these diseases is not well-
characterized. For the cases of most myeloproliferative neoplasms, FCM study is
mainly used for the quantification of blasts to assist in detecting accelerated phase
or transformation to AML. The advantages and limitations of FCM blast quantifi-
cation are the same as those mentioned above in acute leukemia, and FCM cannot
replace manual blast count.

CONCLUSION

FCM analysis plays a critically important role in the diagnosis of leukemias and
other hematolymphoid malignancies. It can efficiently identify abnormal cell
populations, differentiate neoplastic cell populations from normal/reactive cell
populations, characterize the phenotype, give lineage assignments, and provide
important information for WHO classification.
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