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Abstract

Flow cytometry (FC) has become an important
component in the diagnosis and monitoring of
patients with a diverse array of diseases. While
the basic principals underlying FC remain
relatively unchanged, the technology and array
of available reagents have continued to evolve,

Flow cytometric (FC) methods for the identification and
enumeration of cellular elements in various tissues have evolved
into critical applications in several specialties within the clinical
laboratory. These applications are used for the diagnosis, progno-
sis, and monitoring of patients with a variety of disease states.
The ability to carry out these assays has been facilitated by con-
tinued elucidation of pathogenic mechanisms of diseases as well
as advances in instrumentation and reagents for flow cytometric
analysis. The role of flow cytometric analysis will continue to
expand as instrumentation and reagents are continually evolving
and allowing expanded applications ranging from enumeration
of rare subsets of cells using polychromatic flow cytometry to
assessment of the functional capacity of antigen-specific lympho-
cytes with specialized reagents to identify the specific responding
cells.

Regardless of the evolving complexity of current applica-
tions, flow cytometric analysis relies on some basic principles,
the understanding of which is important for the proper applica-
tion of this technology. This overview provides a summary of the
basic theory of flow cytometry and an overview of clinical appli-
cations as well as a description of newer methodologies that are
likely to find their way into routine clinical application.

Basic Theory of Flow Cytometry

A flow cytometer is an instrument designed to detect and
enumerate cellular elements in a suspension. The specific attrib-
utes of this technology allow for the detection and enumeration
of specific cell types in complex mixtures of cells, such as whole
peripheral blood. To accomplish this, flow cytometers employ
the coordinated use of 3 components: the fluidics, optical, and
electronic systems.!
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thus expanding the list of applications in
laboratory medicine. This review provides an
overview of the basic theory of FC including
instrumentation, sample processing, and
analysis. Additionally, current and future clinical
applications of FC are discussed. Among these,
applications of FC in solid organ and

hematopoeitic stem-cell transplantation,
transfusion medicine, hematopathology, and
infectious diseases are presented. Finally,
applications employed primarily in clinical
research are presented in anticipation of their
eventual use in the clinical laboratory setting.

The fluidics system serves to carry the cells in the sample
through the cytometer for analysis. In order to do this effec-
tively, the fluidics must generate a stream of cells that travels
past an interrogation point one by one in a precise and rapid
fashion. This is accomplished by generating a pressurized
stream of sheath fluid into which cells are injected. The pres-
surized sheath fluid focuses the cells single file as they pass
through the flow cell. Hydrodynamic focusing maintains the
cells in single file. A uniform stream of cells is essential to en-
sure reproducible illumination of the cells as they intersect the
laser beams of the instrument.

The attributes of cells in the sample are assessed by their
ability to scatter incident laser light as well as by emission of
fluorescent light if they are labeled with fluorescently-tagged
reagents. Standard clinical flow cytometers contain 1 or 2
lasers that emit light of differing wavelengths. As the cells
are carried through the flow cell, they reach the interroga-
tion point at which they intersect the laser. Each cell scatters
laser light that is collected along the axis of the laser beam
(forward scatter) and at a 90° angle (side scatter) to the
beam. Additionally, fluorescent emissions are collected at the
90° angle. Forward scatter light is collected by the forward
scatter photodiode. Side scatter laser light and fluorescent
emissions are directed by a series of filters and mirrors to
one of several photomultiplier tubes (PMT). Instruments
can be configured with specific combinations of detectors
that receive defined wavelengths of light. Standard clinical
flow cytometers typically have 5 or 6 PMTs, 1 for side scat-
ter laser light and the remaining 4 or 5 for fluorescent emis-
sions. Filter sets define the wavelength of light that reaches
each PMT and, thus, the specific fluorescence that each de-
tects (Figure 1). When photons of light are collected by the
PMTs, they generate an electrical signal that is logarithmically
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amplified and then sent to the flow cytometer’s computer for
storage and analysis.

The flow cytometer’s computer controls the function of
the instrument as well as stores data and provides software for
data analysis. The signals generated by the PMTs are digitized
and are proportional to the amount of scattered laser light or
fluorescence detected by the PMTs. The digital signals are
stored as channel numbers on one of several scales, dictated by
the operator (usually 256 or 1,024 channels). For each cell
that is interrogated, several parameters are generated and
stored including forward and side scatter, as well as 4 or 5 flu-
orescent parameters. This type of data is referred to as “list
mode data” and can be accessed after acquisition for analysis.

One of the unique advantages of flow cytometric analysis
is the ability to employ list mode data and a process of “gat-
ing” to identify and enumerate unique subsets of cells in com-
plex body fluids (Figure 2). Gating refers to the establishment
of a region around a population of cells to restrict further
analysis to that specific population, ignoring other cells that
are present. Multiple regions can be linked together in a
process of logical gating to further define specific cell types.
The data that is generated can be displayed in a variety of for-
mats but typically in single-parameter histograms or dual-pa-
rameter dot plots. The proportion of cells of interest (eg,
percent positive) can be determined for each region. Enumer-
ation (absolute counting) of cells can be achieved by using 2
different technologies, dual platform and single platform.
There are significant differences between the methods used to
determine absolute cell numbers. The dual-platform method
relies on flow cytometric percentages of cells and hematologi-
cal white blood cell (WBC) data. The single-platform method
uses flow cytometers with direct absolute counting capability.
There are 2 ways to determine absolute count using single-
platform technology: the number of cells in a specific volume
is counted, or a known number of fluorescent beads is added
to tubes containing the cells.
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Figure 1_Structure of the flow cytometer.

Reagents for Flow Cytometric Analysis

Basic cellular characteristics, including size and internal
complexity (intrinsic parameters), can be assessed via the analy-
sis of scattered laser light. The power of flow cytometric analy-
sis, however, is realized by the application of fluorochromes (by
themselves or coupled to specific probes such as monoclonal
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Figure 2_List mode data and a process of “gating” are employed to identify and enumerate unique subsets of cels in complex body fluids.
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antibodies) to assess extrinsic parameters of cells including
immunophenotype, nucleic acid content, and viability. The
fluorochromes are often employed in multicolor (2, 3, or 4
fluorochromes simultaneously) analyses or in what has more
recently been termed polychromatic (greater than 5
fluorochromes simultaneously) flow cytometry.

Fluorochromes are molecules that absorb light of one
wavelength and emit light of higher wavelength. Emitted light
is captured by the PMTs in the flow cytometer. The list of
available fluorochromes for flow cytometric analysis has grown
steadily over the years providing research and clinical laborato-
ries reagents with similar excitation yet distinct emission spec-
tra, thus allowing multicolor (polychromatic) analyses.

Nucleic acid binding fluorescent dyes are commonly-used
reagents in the flow cytometry laboratory. By virtue of their
ability to bind to DNA, they can be used for the quantitation
of cellular DNA content. The reagents can also be used to
assess the viability of a population of cells. Dyes, such as pro-
pidium iodide (PI) and 7-aminoactinomycin D (7-AAD), are
excluded by viable cells, but when cell membranes are perme-
abilized, they allow entry of these dyes resulting in cellular
fluorescence indicating cell death.

Other dyes, which bind to cytoplasmic constituents, can
be employed to assess various parameters of cellular function.
In the context of clinical analysis, assessing respiratory burst
activity in patients suspected of having chronic granulomatous
disease (CGD) represents a classic example of this approach.
Dihydrorhodamine 123 (DHR123) is taken up by cells and
binds to cytoplasmic proteins. In resting cells, the dye is non-
fluorescent. Upon stimulation of a respiratory burst, the dye is
reduced and emits a strong fluorescent signal which is readily
detectable. Thus, fluorescence corresponds to an intact respi-
ratory burst activity and rules out CGD. Other parameters
such as calcium mobilization and cell division (proliferation)
can be assessed with specific dyes by FC.

The most common use of fluorochromes in flow cyto-
metric analyses involves their attachment to a monoclonal an-
tibody and the subsequent staining of a cell preparation to
identify, characterize, and enumerate a normal or abnormal
population of cells. Over the years, the list of available mono-
clonal antibodies has grown immensely and has been accom-
panied by a growing list of fluorochromes for conjugation
(Table 1). Fluorochromes, such as fluorescein (FITC) and R-
phycoerythrin (PE), consist of a single molecular entity. Sub-
sequently, the menu of available fluorochromes has been
enhanced by the addition of tandem conjugates. These conju-
gates employ the principle of fluorescence resonance energy
transfer (FRET) via the linking of an acceptor fluorochrome
and an emitting fluorochrome. Incident laser light stimulates
the acceptor molecule, which transfers its emitted light energy
to the closely linked emitting fluorochrome. These emissions
are then detected by the cytometer. More recently, the Alexa
Fluor (Molecular Probes, Carlsbad, CA) reagents have been
employed to further expand the list of available
fluorochromes. Most recently, semiconductor nanoparticles
(quantum dots) have been developed for use as fluorescent
labels for flow cytometry.2 These particles are stable and have
relatively narrow emission spectra making them very useful
reagents for polychromatic analysis. Along with advances in
instrumentation, the expanding menu of fluorochromes has
facilitated the marketing of clinical flow cytometers that can
perform up to 6-color analyses. Research instruments can be
configured for up to 17-color analyses.?
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Table 1_Excitation and Emission Wavelengths of Some
Commonly-Used Fluorochromes

Excitation Emission
Probe Wavelength (nm)  Wavelength (nm)
Nucleic acid probes
DAPI (nucleic acid dye) 345 455
7-AAD (nucleic acid dye) 546 647
Pl (nucleic acid dye) 536 617
Cell-function probes
DHR 505 534
CFSE 490 518
Reactive and conjugated probes
Fluorescein (FITC) 495 519
R-Phycoerythrin (PE) 480; 565 578
PerCP 490 675
Allophycocyanin (APC) 650 660
Cy2 489 506
Cy5 (625); 650 670
Cy5.5 675 694
Cy7 743 767
PE-Cyb conjugates 480;565;650 670
PerCP-Cy5.5 conjugates 488;532 695
APC-Cy7 conjugates 650; 755 767
Alexa Fluors
Alexa Fluor 350 346 445
Alexa Fluor 488 494 517
Alexa Fluor 647 650 668

Quality Control

To assure that a flow cytometer provides consistent results,
optical and fluorescent standards are run daily with the results
recorded in the daily quality control (QC) logbook. Commer-
cially-available calibration beads and software are used in one
approach to daily QC. The software adjusts the detectors of the
flow cytometer to place the beads at target channel values and
then records the detector voltage which is monitored over time.
The software also measures the signal separation for each param-
eter and compares this value with an expected minimum separa-
tion value (sensitivity). The performance of lasers is also
monitored daily. The QC log should be reviewed periodically
for satisfactory performance of the instrument.

Normal controls must be tested periodically to ensure accu-
rate sample processing and proper performance of the flow cy-
tometer. Some tests require that a normal control is run each
time the test is performed (CD4+ T-cell enumeration; detection
of fetal hemoglobin). Normal controls are run periodically for
other tests (immunophenotyping of leukemia and lymphoma).
For test results to be acceptable, the values obtained for the nor-
mal controls should fall within the preestablished normal range.
For quantitative tests, controls of at least 2 levels are run to fur-
ther ensure accuracy of the testing system. These controls are
often commercially available and have defined ranges.

Some assays include the staining of the cells with isotype
controls. This measure allows one to establish the level of non-
specific antibody binding. Most monoclonal antibodies are
IgG1 or IgG2a isotypes. Fluorochromes conjugated to IgG1
and IgG2a are therefore the most often used for isotype con-
trol. Alternatively, a negatively-staining population within the
gated region may be used to assess nonspecific binding, thus
eliminating the need for additional tubes of isotype control-
stained cells. However, different cell types may have different
autofluorescent properties, which must be considered when
using this approach.
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Flow Cytometry in the Diagnosis
of Immunodeficiency Disorders

Enumeration of Lymphocyte Subsets

Flow cytometry with monoclonal antibodies is a critical
component of the evaluation of patients with primary or sec-
ondary immunodeficiencies.® Three types of FC analyses are
common for the evaluation of patients with possible immunode-
ficiencies: enumeration of peripheral blood cells, detection of
function-associated cell surface or intracellular antigens, and as-
sessment of functional attributes of cells.

Abnormalities in the number of circulating lymphocyte
subsets are seen in many different primary immunodeficiencies.*
The enumeration of lymphocyte subsets is thus important in
the diagnostic approach for patients with these deficiencies.
The most noted secondary immunodeficiency, HIV infection,
promoted the widespread use of the clinical application of lym-
phocyte subset enumeration. After infection, patients exhibit a
gradual decline in the CD4 T-lymphocyte count, typically over
a period of years, until they develop the manifestations of ad-
vancing immunodeficiency (ie, AIDS) and, subsequently,
death. Enumeration of the CD4 T-lymphocyte count has sev-
eral roles in HIV infection. In a symptomatic patient, the
CD4 count can contribute to the diagnosis. The CD4 count
is an important prognostic factor for HIV-infected patients,
helping to gauge the time to AIDS or death. In addition, the
CD4 count helps guide decisions regarding the institution of
antiretroviral drugs as well as prophylaxis for opportunistic
infections.” The CD4 count is monitored longitudinally every
3 to 6 months in untreated patients and every 2 to 4 months
in treated patients.>” When a patient is placed on antiretrovi-
ral drugs, the CD4 count usually, but not always, increases. A
CD4 decrease while on therapy may indicate the development
of resistance to one or more of the antiretroviral drugs being
taken by the patient.

The need for reliable and reproducible CD4 counts was a
major driving force in the development of clinical FC stimu-
lating developments in instrumentation and flourochromes as
well as a greater understanding of the complexity of lympho-
cyte subsets. More recently, the need for simplified and less-
costly methods for CD4 T-cell enumeration has stimulated
development of alternatives to standard FC. Alternatives in-
clude smaller instruments using single-platform technology
that are dedicated to CD4 counting approaches that employ a
limited number of antibodies and alternate gating strategies to
reduce costs (panleucogating, single CD4).8

Evaluation of Neutrophil Function

The analysis of neutrophil function in patients suspected
of having CGD is a useful example of assessment of the func-
tional capacity of a cell by FC. Chronic granulomatous disease
is a primary immunodeficiency resulting from defects in the
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase system in neutrophils. In normal functioning
neutrophils, the NADPH-oxidase participates in the genera-
tion of H,0, and superoxide anion which contribute to the
killing of ingested microbes. Defects in the subunits of the
oxidase system lead to a failed or reduced respiratory burst
and defective killing. As described above, DHR123 can be
used to assess this response.’

Phagocytosis is the engulfing and ingestion of bacteria or
other foreign bodies by cells. Defects in phagocytosis are rare;
however, FC assays have been developed to assess this immune
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function. Typically, these assays employ a fluorescently-labeled
inert particle or whole bacterial cell which is added to a sus-
pension of white cells. Uptake of the particles or cells is
assessed by identification of white cells exhibiting fluorescence
of the ingested particles. An important challenge of assessing
phagocytosis by FC is to differentiate bound particles from
internalized particles;!%!! however, a commercially available
kit that can exclude those particles from the analysis that are
bound, but not phagocytosed, is available (Vybrant Phagocyto-
sis Assay Kit; Invitrogen, Carlsbad, CA). This kit uses fluores-
cein isothiocyanate (FITC)-labeled, preopsonized Escherichia
coli as targets for the phagocytes. Briefly, fluorescently-labeled
E. coli is added to whole blood, and after a short incubation
time at 37°C the reaction is stopped and the percentage of
FITC-positive cells is determined by FC. Monoclonal antibod-
ies to CD14 or CD33 are used to identify monocytes and
granulocytes.

Assessing T-cell Proliferation

To successfully fight off an infection, lymphocytes need to
proliferate exponentially after the initial exposure to their cog-
nate antigen. For the analysis of lymphocyte proliferation by FC,
the fluorescent dye succinimidyl ester of carboxyfluorescein diac-
etate [5(6)-CFSE] is used. The CFSE dye permanently binds to
both intracellular and cell surface proteins by reacting with ly-
sine side chains and other available amine groups.

The fluorescence intensity of CFSE can be measured by
FC. Upon cell division, CFSE is distributed equally between the
daughter cells, and the mean fluorescence intensity (MFI) of the
new generation of cells is therefore half of the MFI of the parent
cells. Each halving of CFSE intensity represents a cell division.!?
The number of divisions, which can be followed, is limited only
by the level of auto fluorescence of the unlabeled cells, and the
uniformity in size of the labeled cell population.

Assessing Specific Antigens

Several primary immunodeficiencies involve the absence or
reduced expression of a cell surface or intracellular molecule that
can be assessed by FC.

Diagnosis of Hyper-Immunoglobulin M Syndrome by
Flow Cytometry

Hyper-immunoglobulin M (HIGM) syndrome is a pri-
mary combined immunodeficiency caused by mutations in the
gene encoding the CD40 ligand (CD154).3 Hyper-IgM syn-
drome is characterized by normal or elevated serum IgM levels
with absent or reduced serum levels of the other immunoglobu-
lin isotypes.'

A flow cytometric test is now available in clinical laborato-
ries to detect abnormalities in CD40 ligand expression.!>1¢ On
normal T cells the expression of CD40 ligand is significantly
upregulated within 4 hours after stimulation; however, if there is
a mutation in the CD40L gene, T cells cannot induce the ex-
pression of CD40L on their cell surface. The absence of CD40L
on stimulated T cells is therefore an indicator of HIGM
syndrome. This assay has been routinely used to diagnose
HIGM syndrome, to monitor functional immune reconstitution
following bone marrow transplant in patients with HIGM syn-
drome,'” and to measure CD40L expression in children with
HIV infection.!8 Furthermore, women who are carriers of the X-
linked hyper-IgM syndrome (XHIM) can be identified since
they have 2 distinct populations of stimulated T cells: 1 that
expresses CD40L and 1 that does not.
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Flow Cytometric Determination of Leukocyte
Adhesion Deficiency

The ability of leukocytes to leave the blood stream
and enter tissues is essential for their proper function; they
need to accumulate rapidly at the sites of inflammation or
tissue injury. Adhesion molecules, expressed by leukocytes
and vascular endothelial cells, help mediate leukocyte mi-
gration. The important adhesion molecules in the leuko-
cyte-vascular endothelium interaction belong to 3 families:
selectins, integrins, and some proteins belonging to the
immunoglobulin superfamily. Selectins are lectins that
bind to carbohydrate ligands expressed on the surface of
endothelial cells. There are 3 different selectins: L-selectins
are expressed on leukocytes, and P- and E-selectins are ex-
pressed by endothelial cells. Integrins are a family of het-
erodimeric proteins consisting of noncovalently-linked o
and B chains. LFA-1 and Mac-1 are two leukocyte inte-
grins that are essential for leukocyte migration. CD18 is
the B chain common to both LFA-1 (CD11aCD18) and
Mac-1 (CD11bCD18).

Defects in adhesion molecules involved in leukocyte mi-
gration prevent neutrophils and macrophages from reaching
the sites of infection. This results in widespread pyogenic bac-
terial infections.

Three types of leukocyte adhesion deficiency (LAD)
have been described: LAD-I, LAD-II, and LAD-III. LAD-I
is the most common of the 3. It is an autosomal recessive
syndrome caused by various mutations in the CD18 mole-
cule. More than 40 mutations have been identified in LAD-
.19 The severity of the immunodeficiency is directly related
to the degree of CD18 deficiency. Patients with less than 2
percent of the normal cell surface expression of CD18 have a
more severe form of the disease, with earlier, more frequent,
and more serious infections that often lead to death in
infancy. Patients with CD18 surface expression between 2%
and 30% of normal levels manifest a milder form of immun-
odeficiency, with fewer serious bacterial infections and often
survival into adulthood.

LAD-II is a rare, autosomal recessive syndrome that is
due to the absence of the sialyl-Lewis X (CD15s), a carbohy-
drate moiety that is necessary for the interaction of selectins
expressed on neutrophils with selectins expressed on endothe-
lial cells, and therefore for the rolling of neutrophils before

LAD-III is a very rare, autosomal recessive disorder that
has only been described in a handful of cases. In those cases,
the structure and expression level of integrins were normal;
however, there was a defect in their activation.?!

There are simple tests available in clinical FC laboratories
to measure cell-surface expression of leukocyte adhesion mole-
cules. A combination of monoclonal antibodies to the mole-
cules CD18, CD11b, CD15, and CD11c are used to screen
patients for possible LAD-I and LAD-II.

Cytokine Flow Cytometry

To measure antigen-specific T-cell responses, several
methods can be used (proliferation, cytokine production, and
cytotoxicity); however, these methods are cumbersome and
difficult to use for enumeration of antigen-specific T cells.
The main advantage of cytokine flow cytometry (CFC) is that
it can relatively easily quantify the percentage of antigen-spe-
cific T cells and determine their phenotypic characteristics.
Cytokine flow cytometry can also be used for assessing the
activity of other cell types, such as natural killer (NK) cells,
monocytes, and dendritic cells.

The cells of interest are stimulated for 6 hours with a spe-
cific antigen either in whole blood or in peripheral blood
mononuclear cells (PBMC) in the presence of a secretion in-
hibitor such as brefeldin A (BFA). The cells are then fixed and
permeabilized so the flourophore-labeled anti-cytokine anti-
bodies can enter the cell and bind to their target. Staining for
subset-specific cell surface molecules can be done at the same
time as the intracellular staining or before the fixation step.
The cells are acquired, the cell population of interest is gated,
and the results are reported as the percent of cytokine-positive
cells (Figure 3). Recently, to make CFC a more high-through-
put assay, it has been optimized for multiwell format.??

Applications in Hematology

Paroxysmal Nocturnal Hemoglobinuria Testing
Paroxysmal nocturnal hemoglobinuria (PNH) is a rare
hematologic disorder characterized by complement-mediated
intravascular hemolysis. Paroxysmal nocturnal hemoglobinuria
develops as the result of the clonal expansion of the hematopoi-

extravasation.?% etic stem cells with mutations in the X-linked PIG-A gene.?
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Figure 3_Cells are acquired, the population of interest is gated, and results are reported as the percent of cytokine-positive cells.
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This gene is essential for the biosynthesis of the glycosyl-phos-
phatidyl-inositol (GPI) anchor, and mutations in the PIG-A
gene results in a deficiency or lack of all GPI-anchored pro-
teins on the cell surface.?* Such GPI-anchored proteins
include the complement regulatory proteins CD55 and
CD59. Paroxysmal nocturnal hemoglobinuria red blood cells
lack the cell surface expression of these regulatory proteins
and therefore are susceptible to complement-mediated hemol-
ysis. The Ham’s acid hemolysis test and the sugar water test
have historically been used in the diagnosis of PNH.?> How-
ever, FC is the current gold standard for laboratory detection
of PNH clones, since the absence of GPI-anchored proteins
can be assessed by staining for the presence of cell surface
CD55 and CD59 on red blood cells (RBCs) or neutrophils.2®
This assay is both more sensitive and more specific than the
other tests employed for PNH testing. By using FC tests, one
can identify different types of PNH cells. Type I cells have
normal levels of GPI-anchored protein expression; type II cells
have intermediate levels; and type III cells completely lack
expression of these proteins.?’

Immunophenotyping of Leukemia and Lymphoma

One of the major applications of FC in today’s clinical
laboratories is the phenotypic characterization of hematologic
malignancies, the various types of leukemias and
lymphomas.?® In the pursuit of reaching a definitive diagnosis,
various laboratory studies, such as immunohistochemical im-
munophenotyping, cytomorphological, histological, cytoge-
netic, and molecular studies, are performed. In many
instances, FC studies are also used to reach a definitive diag-
nosis since many of the hematologic malignancies have unique
immunophenotypic profiles that can be characterized by FC.

Hematologic malignancies arise as the result of clonal
expansion of abnormal lymphoid or myeloid cells blocked at
different stages of cell maturation. Normal hematopoietic cells
express a variety of cell surface molecules during their lifespan;
therefore, each developmental stage can be characterized by
the pattern of cell surface molecules that are expressed. The
detection of hematologic malignancies by FC relies on the
principle that malignant cells express cell surface molecules in
different patterns than normal cells. There are several patterns
of abnormal antigen expression: expression of an antigen at
the wrong stage of development; expression of an non-lineage
specific antigen; abnormal increase or decrease in expression
levels (or a complete lack of expression) of normal antigens;
and uniform, homogenous, expression of antigens by a cell
population that normally displays more diverse expression
(light chain restriction).

In most clinical laboratories, panels of monoclonal anti-
bodies to lineage-specific (eg, lymphoid or myeloid) and mat-
uration-specific antigens are used to identify cell populations
with abnormal antigen expression patterns. Flow cytometric
immunophenotyping has many advantages such as weakly-
expressed surface antigens may be detected; multicolor analy-
sis allows for an accurate description of the antigen profile of
specific cells; 2 simultaneous hematologic malignancies may
be detected within the same tissue site; and a wide variety of
specimens are suitable for analysis (peripheral blood, bone-
marrow aspirates, core biopsies, fine-needle aspirates, and
fresh-tissue biopsies).

Flow cytometry can also be used for the evaluation of
therapeutic responses and for the detection of minimal resid-
ual disease (MRD) after therapy. Minimal residual disease
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monitoring relies on the determination of the major antigen
signature of the malignant cell at diagnosis, which is applied
to post-treatment samples to detect the presence of the malig-
nant clone.?%30

Applications in Transplantation

Monitoring Patients Receiving Anti-Rejection
Therapy

Recipients of solid organ transplants can develop cellular
or humoral rejection that, in certain cases, requires strong
immunosuppressive therapy for adequate treatment. Among
the agents used are antibody-based therapies such as OKT3,
thymoglobulin, and rituximab.3!*2 These mono- and poly-
clonal preparations deplete T and B lymphocytes, thus inter-
fering with the alloresponse. Some patients develop
antibodies to these agents that interfere with their action. As
such, patients may be monitored for depletion of T or B cells
to ensure that the agents are depleting these cell types. Flow
cytometry with T and B cell markers is employed to enumer-
ate these cells types.

Detection of HLA Alloantibody

Candidates for solid-organ transplants are screened for
the presence of preformed HLA alloantibody, which they may
have developed from previous blood transfusions, transplants,
or pregnancies.?? Cytotoxicity-based methods have been the
standard for detection and characterization of the alloantibod-
ies. More recently, enzyme-linked immunosorbent assay
(ELISA)- and FC-based methods have been developed.?43>
Flow-based methods have been shown to provide the most
sensitive approach for detection of HLA alloantibody.?® In
addition, with the advent of beads sensitized with purified
HLA antigens, flow-based methods have evolved into highly-
specific approaches that eliminate detection of cell-reactive
but non-HLA-directed antibodies. A variety of reagents are
available to qualitatively screen for the presence of HLA anti-
body or to determine the specificity (target HLA antigen) of
the alloantibody.

Prior to transplant, the absence of specific donor-directed
antibody is verified by the performance of a donor
crossmatch. Like antibody screening, crossmatching has em-
ployed a variety of techniques. Initially, cytotoxicity-based
methods were the sole approach used; however, during the last
20 years, FC crossmatching has evolved into a critical compo-
nent of the crossmatch repertoire. As for antibody screening,
the main advantage of FC-based crossmatching is its greater
sensitivity than the cytotoxicity-based method. The clinical
importance of this increased sensitivity has been validated in
many studies that have documented improved transplant out-
comes in flow-crossmatch-negative versus flow-crossmatch-
positive transplants.®”

Enumeration of CD34+ Stem and Progenitor
Cells

Enumeration of CD34-expressing stem and progenitor
cells has emerged as a common assay in stem cell transplanta-
tion. As hematopoietic stem cells mature in the bone marrow,
they express a variety of cell surface proteins in a coordinated
fashion. One of the earliest appearing markers on the cell surface
is the CD34 antigen.®® As cells mature, they lose expression of

July 2007 = Volume 38 Number 7 = LABMEDICINE 433

0202 19qUWaA0N 0€ U }senb Aq /297052/821/2/8€/SI0IE/paWde|/Wwod dno-olwapese)/:sdiy Wolj POPECIUMOQ



Review

this antigen on the cell surface; thus, the presence of CD34 is
a marker of stem and progenitor cells. Enumerating the num-
ber of CD34-bearing cells provides an estimate of the repopu-
lating capacity of a stem and progenitor cell product.?*4° The
ability to enumerate CD34-bearing cells has proven advanta-
geous over the previously-employed approach of determining
the total mononuclear cell dose as the guide for the quantity
of stem cell preparation to infuse.*!

A straightforward immunophenotyping panel can be used
to determine the proportion and absolute number of CD34-
bearing cells in the total white cell population (CD45 posi-
tive) of bone marrow or peripheral blood stem cell
preparations. These numbers are then used to determine the
amount of stem cell product required for infusion.

Applications in Transfusion Medicine

Detection of Fetal Hemoglobin

The detection and enumeration of fetal-hemoglobin-
containing RBCs is one of the newer flow cytometric appli-
cations.*? Detection of fetal hemoglobin has several clinical
applications: detection and quantification of fetomaternal
hemorrhage (FMH)n either in the case of trauma with sus-
pected placental injury or in cases of Rh incompatibility;*?
quantification of hemoglobin F in adult RBCs in various
hemoglobinopathies; monitoring the effect of fetal hemo-
globin-stimulating agents on the hemoglobin F levels in pa-
tients with sickle cell disease and thalassemias;*4 and
monitoring the effectiveness of intrauterine transfusions
(IUT).* The most commonly-used application, however, is
to detect FMH. If the normal physiological barrier between
fetal and maternal circulation is disrupted, FMH occurs.
Trauma, especially abdominal trauma, to the pregnant
woman can cause FMH.46

Hemolytic disease of the newborn can occur when the
mother is Rh-negative and the fetus is Rh-positive. It can be
prevented by administering the right amount of anti-Rh Ig to
the mother during pregnancy.® The correct dose is calculated
after the frequency of fetal-hemoglobin-containing cells in the
mother’s peripheral blood is determined.4”

Since hemoglobin is an intracellular molecule, the RBCs
must be permeabilized first in order for the hemoglobin F-
specific monoclonal antibody to bind to its target.

Measuring Residual White Cells in Leukocyte-
Reduced Blood

The presence of leukocytes in blood and platelet products
is associated with adverse transfusion reactions which include
alloimmunization of RBC antigens, platelet antigens, and
HLA and other leukocyte-associated antigens;*® viral and bac-
terial infections;**>° and transfusion-associated lung injury
(TRALI).5!

Leukocyte reduction of blood product to a threshold of 5
x 10° WBC/unit has been shown to reduce the risks of ad-
verse transfusion reactions. Flow cytometry is commonly used
for residual leukocyte enumeration. The commercially-avail-
able LeucoCount Kit (BD Biosciences, San Jose, CA) utilizes
propidium iodine (PI), a fluorescent dye that binds to nucleic
acid, to stain the DNA of nucleated cells. Since RBCs and
platelets do not have nuclei, they will not be stained. The
absolute count of residual WBCs is determined by adding
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a known number of beads to the blood product (ie, single
platform technology).

Future Directions

In clinical laboratories, FC is a powerful diagnostic tool
with new tests continually being developed. Examples are de-
scribed below.

Polychromatic Flow Cytometry

In the pursuit to reach a definitive diagnosis (especially in
the case of hematological malignancies), the characterization
of the expression pattern of many proteins, cell surface and
cytoplasmic, is desirable. It is advantageous to know which
proteins are coexpressed on certain subpopulations of cells. In
many instances the small volume of a sample obtained from
the patient is a limiting factor for the number of tests that can
be performed. Therefore, there is a need for the development
of polychromatic flow cytometric tests. Multiparameter FC
(up to 17 colors) has been available in research settings for
some time now,’>%3 but now flow cytometers are available for
clinical testing that can detect up to 6 fluorochromes. It is safe
to say that soon clinical laboratories will be equipped with
instruments that can detect even more fluorochromes.** This
will reduce the requirement for large volumes of specimen, the
time needed for sample processing, and the total number of
antibodies needed for analysis. Furthermore, this technique
will enable laboratory professionals to detect and identify rare
subsets of cells.

Applications in Diagnosis of Allergy

The most commonly-used test today for the detection of
functional allergic response is the skin test; however, the iden-
tification of the allergen causing the allergic reaction is not
always straightforward. The use of FC to assess the reaction of
basophils to allergens might provide a solution.>> The basis of
this assay is simple. CD63 molecules in resting basophils are
located in the membranes of the intracellular granules and are
not detectable on the cell surface. If basophils are sensitized in
vivo with allergen-specific IgE, then exposure to the allergen
in vitro will result in their degranulation, and therefore the
expression of CD63 on the cell surface of the activated
basophils will increase in less than 10 minutes.’® The expres-
sion level of another molecule, CD203c, will also increase.>”
Monoclonal antibodies to CD63 and CD203c can therefore
be used to determine the effect of specific allergens on the
basophils. An increase in their cell-surface expression level in-
dicates an allergic reaction.

Antifungal Susceptibility Testing

The clinical use of FC is ever expanding as more and more
clinical fields are taking advantage of this technique. One such
area is clinical microbiology. Antifungal susceptibility testing
(AST) can now be done using FC.5® One advantage of flow
cytometric AST over the conventional methods is the 4-hour
incubation time compared with current methods that require
an incubation time of 24 to 48 hours or more. After incubation
with the antifungal agent, the fungal cells are stained with a
specific fluorescent dye and the changes in fluorescence inten-
sity of stained cells due to effects of the antifungal agents is
measured by FC. For instance, fungal cells might become more
fluorescent if they are susceptible to the antifungal agent.
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