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1. ABSTRACT

Immunofluorescent staining of mammalian cells
has provided a reliable approach for detection of specific
antigen expression in situ.  An advantage of fluorescent
markers has been their applicability to automated, high-
throughput cellular analysis by flow cytometry.  Flow
cytometry has thus become an integral component of
clinical laboratory diagnostics, particularly in the areas of
immunology and hematology.  One of the major drawbacks
of traditional immunofluorescent staining, even with flow
cytometric detection, has been the difficulty in detecting
low abundance cellular antigens, some of which may have
clinical and scientific significance.  To address these
problems, staining techniques have recently been
developed to increase the sensitivity of cellular antigen
detection by flow cytometry.  In this review we will
describe a few of these techniques and focus on enzymatic
amplification staining as a means to generate a highly
augmented antigen-specific signal.  We will also discuss
practical applications of enzymatic amplification for
immunostaining of clinical specimens.

2. INTRODUCTION

Detection of antigens in tissues by specific antibody
probes has been crucial for identification, classification and
understanding of  an array of diseases.  A number of direct
methods have been developed to trace antigen-bound antibody
including direct conjugation of antibody with

fluorescent label or direct conjugation of antibody with
enzymes acting on chromogenic substrates. Indirect
methods, by contrast,  use tagged secondary reagents to
detect antibody staining of tissues and tend to provide
enhanced sensitivity of detection.  Both direct and indirect
methods may be applied to cells in tissue sections
(immunohistochemistry) and in individual cell suspensions
(flow cytometry).  Chromogenic methods are routinely
employed for immunohistochemistry and are not applicable
to flow cytometry.  In flow cytometry, fluorescence-based
detection has provided several advantages including
superior sensitivity, adaptability to automated signal
detection, and the capacity for simultaneous staining of
cells with multiple distinct fluorochromes.

Immunohistochemistry permits direct correlation
of histology with specific antigen expression but permits
evaluation of only small numbers of cells with relatively
high levels of target antigen expression.  Flow cytometry is
a more sensitive antigen detection method in which
multiple antigens can be analyzed simultaneously on tens
of thousands of cells in a few minutes.  The analytical
power of flow cytometers has led to their routine
incorporation into clinical laboratories for evaluation of
hematologic malignancies, immunodeficiencies,
hematopoietic stem cell quantitation for bone marrow
transplant, analysis of cellular DNA content, the evaluation
of fetal-maternal hemorrhage, and the identification of
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allogeneic antibodies.  Analysis by flow cytometry is still
limited, though, by the type of cells that can be analyzed,
the relatively large number of cells required, the need for
fresh specimens, the inability to correlate directly with
histology, the unavailability of certain antibodies, and the
insensitivity of the analytical method.

Analytical sensitivity applies to two different
variables: the detection of rare events and the detection of
weakly expressed antigens. While the former has been an
area of significant clinical research because of its
importance for the detection of minimal residual disease,
advances in the latter area have not been pursued
vigorously for flow cytometry.  The absence of interest in
enhancing fluorescent signals is likely due to the already
superior sensitivity of immunofluorescent staining and flow
cytometry as compared with immunoperoxidase-based
colorometric methods for the detection of cellular antigens
in tissue specimens (1).  Flow cytometry has also proven
more sensitive than complement-dependent cytotoxicity
assays for identification of allogeneic HLA antibodies in
clinical laboratories (2).  Below we describe methods to
augment fluorescent signals using a recently adapted
enzymatic amplification technique based on tyramide
deposition (3,4).  We also discuss the clinical applications
of  fluorescence signal amplification for flow cytometry
and for other diagnostic modalities.

3. METHODS TO ENHANCE SENSITIVITY
USING FLUORESCENCE

3.1 Optimizing the signal to noise ratio
The sensitivity of any assay system is dependent

upon signal to noise ratio. In flow cytometry the signal is
dependent upon the inherent brightness of the fluorochrome
signal, and the noise derives from cellular autofluorescence
and non-specific adherence.  With standard direct
immunofluorescent staining and flow cytometry, it is
estimated that several thousand copies of surface antigen
are needed to discriminate true positive cells from
background autofluorescence  (5).  Watson and Walport
estimated a detection limit by flow cytometry with directly
conjugated antibodies that was on the order of 1000 target
antigens per cell (6). Therefore the ability to detect antigen
at lower levels may be lost using standard direct
immunostaining techniques.

Cellular autofluorescence is an intrinsic property
of cells due to the presence of intracellular flavin
compounds and NADH (7).  These ubiquitous
biomolecules excite over a wide range of wavelengths, the
most troublesome of which is 488nm, the excitation
wavelength produced by the argon lasers in most flow
cytometers (7).   The peak emission after 488nm excitation
is in the green region of the spectrum, leading to
interference with the detection of FITC emission (5).

Improving the signal to noise ratio by reducing
background autofluorescence has been the focus of a
number of studies (8-10).  Differential excitation of
fluorochrome and cellular autofluorescence can be
achieved using a dual laser approach, allowing for

correction of background noise and amplification of the
specific signal (9). A novel phase-sensitive detection
system is capable of resolving two different fluorescent
compounds with similar emission spectra based on their
fluorescent half-life (10).   These methodologies require
specific instrumentation and are not practical for most
standard flow cytometry laboratories.  The addition of
trypan blue or methylene blue to fixed, permeabilized cells
has been used to quench background autofluorescence (8).
Although a five-fold increase in the signal to noise ratio can
be attained using this simple technique, careful titration of
the dye concentration is necessary to accomodate
variability in cellular susceptibility to autofluorescence
quenching and to avoid quenching of specific signal (8).

The signal to noise ratio is also determined by
signal intensity, which in turn is a function of the inherent
"brightness"  of the fluorochrome and the number of
fluorochrome molecules conjugated to the antibody.  For
any antibody, the signal to noise ratio can vary 4- to 6-fold
depending on which fluorochrome is conjugated.  The
relative brightness of fluorochromes on dual laser Becton
Dickinson instruments is (from brightest to dimmest):
allophycocyanin, phycoerythrin, phycoerythrin-Cy5,
fluorescein isothyacyanate, and peridinin chlorophyl
protein. The number of fluorochromes conjugated to an
antibody is expressed as the F/P ratio.  A higher F/P ratio
indicates more fluorochrome is conjugated to the antibody
resulting in a stronger fluorescent signal.  The physical
properties of both fluorochrome and antibody limit the
number of fluorochrome molecules that can be conjugated
to a maximum of 10 fluorescent molecules per antibody.
These physical properties determine the limits of antigen
detection on cells by flow cytometry.

3.2. Indirect immunofluorescence
To enhance the sensitivity of flow cytometry,

attempts have focused on strengthening the fluorescent
signal.  The simplest strategy has been to use indirect
immunofluorescent staining in which an additional
secondary, tertiary or quarternary labelled component
amplifies the fluorescent signal.  Zola et. al. reported that a
three-layered technique, consisting of  monoclonal primary
antibody, biotinylated polyclonal secondary antibody, and
phycoerythrin-streptavidin tertiary layer, could detect less
than 100 molecules per cell, a ten-fold improvement over
direct immunostaing methods (11).  This technique
identified on resting lymphocytes surface interleukin 2
receptor beta chain (CD122), which could not be identified
by other standard methods (11). Laszlo and Dickler using a
similar three-tiered method detected surface antigens at a
lower limit of an estimated 200 copies per cell (12).  Cohen
et. al. used a sandwich of biotinylated primary antibody
followed by phycoerythrin-streptavidin followed by
biotinylated goat anti-streptavidin antibody and another
round of staining with phycoerythrin-streptavidin to
generate a highly sensitive immunofluorescent probing
system with a reported antigen detection limit of 50 copies
per cell (13).

There are several instances in which expression
of  surface proteins can be demonstrated by biological
activity but cannot be detected by indirect
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Figure 1. Diagram of enzymatic amplification.  In a
typical enzymatic amplification reaction,  HRP-conjugated
antibody binds to a specific cell-bound antigen. The
addition of biotinylated tyramide (Bt-Tyr) and hydrogen
peroxide leads to the activation of highly reactive tyramide
radicals that react with exposed phenolic groups leading to
numerous biotinylated adducts (Bt). Detection is
accomplished by the addition of streptavidin-FITC (SA-
FITC) leading to the abundant tagging of the cell by many
fluorescein compounds (∠).

immunofluorescent immunostaining (13).  For example we
observed Fas ligand activity on cytotoxic T cell clones by a
highly sensitive bioassay but could not detect expression by
direct or enhanced indirect immunostaining (3).  Similarly,
others have documented cell surface cytokine activity in the
absence of molecules detectable by conventional staining
techniques (14-16).  Another weakness of indirect
immunofluorescent staining is difficulty with multicolor
analysis due to cross-reactivity of  secondary antibodies.
Therefore attempts to amplify signals based on this
approach are generally limited to two colors.

3.3. Liposome-conjugated Antibodies
In an attempt to link more fluorescent molecules

to antibodies to increase the F/P ratio, several groups have
used liposomes as fluorescent carriers (17-21).  Functioning
as vesicles loaded with fluorochrome, liposomes can be
conjugated to antibodies to generate a highly sensitive
direct tag.  As opposed to the typical F/P ratio of 2-5 on
direct fluorochrome conjugated antibodies, F/P ratios of
100-1000 may be achieved with liposome conjugated
antibodies, providing proportional enhancement of

fluorescent signal with no increase in background
fluorescence.  This method was first utilized by Truneh et.
al. (17,21) and more recently by Scheffold et. al., who co-
loaded liposomes with magnetic particles to facilitate cell
separation (18,19).  The latter group was able to detect
200-300 target antigens per cell, a sensitivity similar to that
obtainable with indirect immunofluorescence.  The
liposomal technique in their hands permitted clear detection
on activated T cells of low level surface levels of IFNγ and
IL-10 , previously only inferred from bioassays.  Klein et.
al. used liposome conjugated antibodies for analysis and
isolation of peripheral blood B cells weakly expressing
CD27, a marker of post-germinal center memory B cells
that have previously undergone antigen selection (20).  A
major drawback of using liposome-antibody conjugates is
that the method is unsuitable for intracellular staining due
to the bulk of the liposome conjugate.  In addition, one
must avoid exposure of liposome-antibody conjugates to
detergents, which will disrupt the fluorochrome-laden
micelles.

3.4. Enzymatic amplification staining
To detect low abundance surface and intracellular

antigens, we and others have employed enzymatic
amplification of the fluorescent signal.  This amplification
uses horseradish peroxidase-conjugated primary antibodies
in conjunction with fluorochrome-labeled tyramide
compounds (Figure 1).  When oxidized by horseradish
peroxidase, the phenolic tyramide generates free radical
intermediates and undergoes concentration dependent
dimerization  (22-24).  At low tyramide concentrations, the
probability of homo-dimerization diminishes and the
probability increases of hetero-conjugation to electron-rich
regions of proteins, such as tyrosine side chains, near the
site of the peroxidase reaction.  Thus a large amount of
labelled tyramide can be introduced in proximity to the
antibody binding site.  Because the reactive tyramide
intermediates are extremely short lived,  the probability is
minimal of tyramide conjugating with proteins distant from
the antibody binding site or on bystander cells.

This detection system was first developed by
Bobrow in 1989 for solid phase immunoassays (22,23).
The method has been variably termed catalyzed reporter
deposition (CARD), tyramide signal amplification (TSA)
or enzymatic amplification staining (EAS).  Shortly after its
initial description the method was adapted for
immunohistochemistry (23,25-28), in situ hybridization
(24,29) immunoelectron microscopy (30,31), and more
recently flow cytometry (3,4).  Several companies currently
market signal amplification systems based on this method
including Perkin Elmer Life Science Products (Boston
MA), Dako (Glostrup, Denmark), and FlowAmp Systems
(Cleveland, OH).  The last system is specifically adapted
for flow cytometry.

For most applications enzymatic amplification of
signal is 5-100 fold, permitting detection of low abundance
antigens not detectable by standard techniques.
Occasionally, >100 fold amplification can be attained.
Adams compared enzymatic amplification of signal with
conventional avidin-biotinylated enzyme complex (ABC)
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Figure 2.  Enzymatic amplification.  KG1a cells were
stained with 1ng control IgG1 (filled histograms) or with
1ng anti-CD34 (open histograms).  The cells were
processed for flow cytometric analysis by a standard
amplification procedure (indirect staining, upper panel) or
by enzymatic amplification staining, EAS (lower panel).
The results indicate that EAS enhances the signal
separation between specific and control immunoglobulin by
50-60 fold compared to a standard amplification procedure.

for immunohistochemical staining of tissue and found up to
a 1000-fold increased sensitivity with the amplification
method (25).  Merz. et. al. achieved up to a 10,000-fold
amplification of CD20 and CD45RO detection on tissue
sections (28), although this degree of amplification appears
to be exceptional.

We have obtained 10-100 fold amplification of
fluorescent signal with enzymatic amplification staining, as
compared with indirect staining procedures (Figure 2).
While we do observe a slight increase in background
fluorescence associated with enzymatic amplification, this
increase in noise is minimal compared with the marked
increase in specific, antibody-mediated signal. The end
result is that the overall signal to noise ratio is greatly
increased.  Moreover, the level of specific signal
amplification appears to be antigen independent, having
worked well in our hands for over 50 different target
antigens. The procedure not only provides enhanced
sensitivity but also cost savings as one can  use 1/10th-
1/100th the amount of antibody  utilized in standard
antibody staining.

 Interlab variability in the extent of amplification
may be due to differences in methods, cells analyzed, or
dilution of reagents.  The tyramide deposition reaction is
very rapid, and minor differences in amplification reaction
time may lead to major variations in final signal intensity
(24). The concentrations of antibody and tyramide are
important parameters and may require careful titration (24).
An inadvertantly high concentration of tyramide or HRP-
conjugated antibody may lead to preferential
homodimerization of tyramide and paradoxical quenching
of signal (24).  In addition, antigens already present at high
copy number may show little appreciable amplification due
to excessive generation of reactive tyramide species leading
again to paradoxical quenching (32).

One concern has been that diffusion of reactive
tyramide intermediates could cause poor signal localization
with artifactual staining of bystander cells (4).  Earnshaw
and Osbourn addressed this concern by applying enzymatic
amplification staining to mixed populations lymphocytes
and monocytes, using as a target antigen CD36 which is
expressed on monocytes but not lymphocytes (4).
Enzymatic amplification caused a 2.5 to 3-fold increment
in fluorescent intensity on monocytes with no concomitant
increase in fluorecence emission by lymphocytes,
indicating lack of non-specific transfer of signal (4). We
have used similar cell mixing studies to confirm that
enzymatic amplification does not artifactually stain
bystander cells  (D. Kaplan personal observations).

For nucleic acid fluorescent in situ hybridization
(FISH) enzymatic amplification staining has been applied
with variable success in maintaining sharply localized
signal (24,33-36).  Reiterative amplification particularly
seems to erode signal resolution in FISH.  Many authors
have used high-viscosity polymers to improve signal
resolution (35-37).  For example, Van Gijlswijk et. al.
reported that polyvinyl alcohol and dextran sulfate
improved FISH signal localization without diminishing
intensity (35).

For immunogold-electron microscopy signal
localization is of obvious importance. For this application,
Mayer and Benayan evaluated signal resolution associated
with enzymatic amplification staining for carbomyl
phosphate synthetase, an enzyme localized along the inner
mitochondrial membrane (31).  They measured the distance
from the mitochondrial cristae membrane to the deposited
gold particles, comparing a standard method with
enzymatic amplification. For both techniques the majority
of label was within 10 nm of the cristae membrane,
although the average distance was slightly higher for the
amplified technique (11.2 nm vs 8.7 nm), indicating that
amplification maintains a high level of resolution in
immunogold-electron microscopy (31).

The usefulness of tyramide lies not only in its
biochemical reaction characteristics but also in its
flexibility in being tagged.  The species used most widely
for enzymatic amplification is biotinylated tyramide (24).
Tyramide has also been conjugated to many fluorochromes
including green fluorescent tags (fluorescein, rhodamine
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green, BODIPY FL and eosin), blue tags (7-
hydroxycoumarin, aminomethlycoumarin) and red tags
(rhodamine red, X-rhodamine, Texas red, Cy3, TRITC, and
SI-Red), allowing for multicolor analysis (24, 38).  Most
conjugates have performed well, with the exceptions of
Texas red and X-rhodamine (38).  Several of these
fluorescent conjugates are available commercially from
Perkin Elmer Life Science Products. Tyramide has also
been conjugated with several haptens detectable with a
secondary antibodies, such as digoxigenin, dinitrophenyl,
and trinitrophenyl (34).  Mayer and Bendayan coupled
tyramide to colloidal gold tagged bovine serum albumin
and conjugated the resultant molecule to immunoglobulin
for use in immunoelectron microscopy (21).

Many permutations of the basic amplification
process exist.  Several investigators have employed serial
rounds of enzymatic amplification to boost signal, using for
example a biotinylated-tyramide conjugate followed by
streptavidin-peroxidase followed again by a biotinylated-
tyramide ampification (4, 24, 39).  An extremely sensitive
method called super-CARD was developed by
Bhattacharya for Dot-ELISAs (40).  Super-CARD
enhances signal by adding electon-rich proteins (p-hydroxy
proprionic acid substituted casein, gelatin or albumin) as
non-specific blocking agents (40).  The adsorption of these
proteins next to the target antigen allows for greater
deposition of tyramide conjugates during the enzymatic
amplification reaction (40). The authors report an
impressive degree of signal amplification with super-
CARD, 104 to 105-fold as compared with conventional dot-
ELISA and 5 to 10-fold as compared with standard
enzymatic amplification staining (40).   Super-CARD in
fact permitted detection of as little as 0.1 pg/well of target
antigen (40).

4.APPLICATIONS OF ENZYMATIC AMPLIFICATION
STAINING

4.1.  Applications other than flow cytometry
Tyramide based amplification methods have been

successfully adapted to immunohistochemistry (25-28), in
situ hybridization (24,29), immunoelectron microscopy
(30,31), ELISA (22), and DNA microarray analysis (41).
However, the procedure has not gained widespread use in
clinical testing, possibly due either to the novelty of the
method or to the effort involved in optimizing
amplification.  Recently, Hashizume et. al. described an
automated platform which may facilitate generalized
implementation of the amplification staining procedure in
diagnostic laboratories (42).

Tyramide based signal amplification has been
used successfully in immunohistochemistry in several
laboratories (25-28,43-49).  Examples include documenting
neuroendocrine differentiation (chromogranin expression)
in squamous cell lung cancers and in adenocarcinomas of
the stomach (43, 44), identification of nitric oxide
synthetase in myocardium (45), detection of gonadotropin
subunits in pituitary adenomas (27), and documenting the
co-localization of tau and ubiquitin in neurofibrillary
tangles and plaques of Alzheimer's disease (46).  This

approach has also been used for sensitive detection of
apoptotic cells (47) and of cell proliferation. (48).

In the field of hematopathology, Luo et. al. have
used catalyzed reporter deposition to amplify the immuno-
histochemical signal for CD5 (49).  CD5 detection on
routine paraffin embedded tissues can be difficult and is
important in distinguishing small lymphocytic lymphoma
and mantle cell lymphoma from other B-cell
lymphoproliferative disorders (50).  Luo et. al. were able to
identify a strong CD5 specific signal in the vast majority of
mantle cell and small lymphocytic lymphomas in which
standard staining failed to produce significant signal (49).
Malisius et. al. used enzymatic amplification staining to
detect CD2, CD3, CD4 and CD5 in formalin fixed paraffin
embeded tissues, using monoclonal antibodies to fixation-
sensitive epitopes (51).  Their successful staining with
these antibodies suggests that formalin fixation may not
quantitatively denature proteins, permitting detection of
rare residual intact epitopes by highly sensitive techniques.
Inagaki et. al. used enzymatic amplification staining to
evaluate expression of low-abundance CD44 isoforms in
diffuse large B cell lymphomas (52). In their analysis,
CD44v6 expression correlated with inferior overall
survival.

Erber et. al. stained bone marrow biopsy
specimens with a panel of 43 antibodies, comparing
enzymatic amplification with the standard method (53).
They identified 8 antibodies which gave staining by the
amplification but not by the standard method.  These
included antibodies to CD9 (P-1/33), CD16 (DJ130), CD23
(MHM6) and CD33 (WM54).  Nine additional antibodies
provided direct staining by the amplification technique but
required antigen retrieval for the standard method. This
group included antibodies to CD30 (Ber H2), CD5
(CD5/54), TdT (rabbit polyclonal), and CD79a (JCB117).
In addition, enzymatic amplification permitted many
antibodies to be used at much greater dilutions (200-fold)
than in the standard method (53).  Merz et. al., were able to
stain IgM, IgD, and CD7 (IOT7) in lymphoid tissue
sections using enzymatic amplification but not by standard
methods (28).  Therefore, enzymatic amplification may be
a useful resource for immunohistochemical staining of
bone marrow and lymph node specimens, particularly in
detecting low abundance or fixation-sensitive epitopes.

Perhaps the most common application of
enzymatic amplification staining is for in situ hybridization
(ISH) (24).  Notably, this approach provides the ability to
detect single copy genes and to amplify in multiple colors
(24,34,54,55). The exquisite sensitivity of this method is
extremely useful in detecting viral genomes in tissue
specimens. For instance, tyramide amplification has been
used to detect single genome copies of human papilloma
virus in cervical cells (54, 56,57), herpes virus in human
breast milk (58), parvovirus in the peripheral blood (59),
HTLV-1 in cerebrospinal fluid and peripheral blood cells
(60), and HIV in blood cells or autopsy tissue (39).
Enzymatic amplification has also been applied to ISH for
detection of low abundance transcripts such as leptin (61)
and cytokines (62). The enhanced sensitivity of cytokine
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mRNA detection may be useful in the future for defining
lymphoid cell subsets in tissues.

Several groups have adapted tyramide signal
amplification to immunoelectron microscopy with excellent
results (30,31,63).  Mayer et. al. achieved optimal signal
with a tyramide-immunoglobulin conjugate that was
detected by colloidal gold-protein A (31).  Importantly,
when compared with a conventional method, enzymatic
amplification did not compromise the precision of signal
localization (31).

4.2. Applications in flow cytometry
4.2.1. Detection Of Antigens On Neoplastic Cells

Flow cytometry has particular utility in
determining B cell clonality  based on immunoglobulin
light chain isotype restriction.  Detection of clonal B cell
populations has been hampered by low expression levels of
immunoglobulin in frequent cases of B cell lymphoma.  For
example, surface immunoglobulin is often faint or not
detected on B cells of chronic lymphocytic leukemia (CLL)
(64-66). The detection of immunoglobulin light chain
isotype can be enhanced by using intracellular staining
(67), a procedure that is time consuming and prone to high
background staining. The low expression of surface
immunoglobulin impairs the ability to determine clonality
of cells, often requiring the use of statistical methods such
as the Kolmogorov-Smirinov test to help discriminate a
positive from a negative cell population  (68,69).  The
Kolmogorov-Smirinov test has been criticized for being too
sensitive to reliably determine significant differences in cell
populations (68,69).  Regardless, no mathematical
subtraction technique can distinguish between two cell
populations without a detectable fluorescent shift.

We have used enzymatic amplification staining
on clinical samples to enhance detection of surface
immunoglobulin in our diagnostic procedures.  By this
approach, we were able to detect immunoglobulin light
chain expression on many lymphoma samples in which
surface immuglobulin could not be detected by standard
techniques (70).  This enhanced sensitivity may be prove
helpful to clinical laboratories trying to detect clones in
patient samples .

B-cell lymphoproliferative disorders may show
weak expression of a variety of key markers including
CD79b, CD22, CD23 and CD5 (66,71).  CD5 is
particularly critical for diagnostic purposes as its
expression helps distinguish chronic lymphocytic leukemia
(CLL) and mantle cell lymphoma from other small B-cell
malignancies such as marginal zone lymphoma and
lymphoplasmacytic lymphoma (50).  Using enzymatic
amplification staining, we have been able to enhance
detection of CD5 and CD79b in several lymphoid
malignancies from clinical samples (72).  This new
capacity will improve evaluation of those
lymphoproliferative disorders which display borderline
expression of critical markers.  In one case, CD5
expression was unexpectedly detected on  follicular
lymphoma cells.  The vast majority, but not all, of follicular
lymphomas distinctively lack CD5 expression (73).

Nevertheless, the enhanced sensitivity of enzymatic
amplification staining could lead to novel, unexpected
findings that may prompt reassessment of the accepted
phenotypic profiles of lymphoid malignancies.

Davies et. al. used in situ hybridization with
enzymatic amplification staining to analyze B cells from
patients with multiple myeloma, addressing the controversy as
to whether a small pool of clonal B-cells constitute the
proliferative component of myeloma (74, 75). Employing a
method known as FICTION-TSA, the authors searched for
chromosomal aneuploidy, using in situ hybridization with
tyramide signal amplification, analyzing CD20+ B-cells from
several myeloma cases by multiparameter flow cytometry (74).
Their analysis did not detect aneuploidy in  B-cells from these
patients suggesting that B-cells do not appreciably participate
in the clonal disorder of multiple myeloma (74).

There are many other examples of antigens
expressed at low levels in hematologic malignancies.  CD2,
CD3, CD4, CD7, CD8 in T cell lymphomas (76,77), CD10
in follicle center lymphomas (78), CD13 and CD33 in acute
myeloid leukemia, and CD34 in acute lymphoblastic
leukemia (79-82) would all show increased detection rates
with enzymatic amplification staining.  CD34 expression is
also important for defining hematopoietic stem cells (83).
Interestingly, recent studies have shown that a subset of
normal stem cells express low to undetectable levels of
CD34 (84). This low-level CD34 expression may cause
significant problems in stem cell enumeration and may
warrant analysis using an amplification staining approach.

4.2.2. Detection of antigens to define lymphoid cell
subsets.

Many antigens have been examined on lymphoid
cells using enzymatic amplification staining.  We have
evaluated B-cell expression of CD5, a marker for the
unique B1 subset of B-cells (85).  The low levels of this
antigen on B-cells often leads to difficulty in distinguishing
cells that are truly CD5+ from those that are CD5-  (86).
Using enzymatic amplification staining, we have found that
a greater number of human B-cells express surface CD5
than is generally accepted (D. Kaplan unpublished
observations).  This unexpected finding raises questions
about the currently prevailing methods for phenotypic
subdivision of B cells.

In another study, we examined T-cell expression
of the interleukin-2 receptor α chain CD25, which is poorly
expressed on resting T-cells and difficult to detect by
standard methods (72).  Several studies have shown the
utility of high sensitivity flow cytometric analysis for
documentation of CD25 on T cells (11).  In our study,
enzymatic amplification staining permitted detection of
CD25 on virtually all peripheral blood CD4+ T cells,
whereas standard staining failed to detect CD25 on these
cells (72).  Thus enzymatic amplification staining allowed
for more precise characterization of CD4+ T cell subsets
based on CD25 surface expression.

 Enzymatic amplification staining has also
allowed detection on cytotoxic T cells of Fas ligand, an
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apoptotic factor that previously could only be identified by
biologic activity (3).  We used a protocol known to induce
Fas ligand activity in peripheral blood mononuclear cells;
conventional flow cytometry could not detect upregulation
of the corresponding antigen (3).  We then employed the
more sensitive tyramide-based enzymatic amplification
staining and observed a subset of cells (10-15%) with Fas
ligand expression (3).  Fas ligand activity on this antigen
positive cell subset was confirmed by cell sorting (3).
Therefore, enzymatic amplification staining can document
the presence of molecules whose expression previously
could only be inferred by bioassays.

Amplification staining may also be useful to
evaluate other lymphoid cell surface antigens that are
expressed at low or undetectable levels. For example, until
recently CD20 was thought to be specifically expressed on
mature B lymphocytes, however, low level CD20
expression has been identified on a subset of T
lymphocytes (87).  This finding appears to explain the
existence of rare CD20+ T cell lymphomas (88). Detection
of this antigen on T cells and T cell lymphomas could be
facilitated by enzymatic amplification staining.

The chemokine receptor CCR3 serves as a useful
marker for polarized interleukin 4 and interleukin 5-
producing T-cells (89).  However, the CCR3 antigen is
barely detectable by standard flow cytometry on this
distinct T-cell subset  (89).  Functionally important
cytokine and hormone receptors often tend to be expressed
at subthreshold levels for detection by standard flow
cytometry, highlighting the need for improved sensitivity in
antigen detection on lymphoid cells (90).

3.3. Detection of intracellular antigens
Detection of intracellular cytokines currently

requires pretreatment of  cells with an inhibitor of secretion
such as brefeldin A in order for the cells to accumulate
sufficient amounts of cytokine to be detectable by standard
flow cytometry.  However, such pharmacologic inhibitors
may cause confounding global perturbations in cellular
homeostasis.  A more direct staining procedure that avoids
pharmacologic manipulation of cells would permit
examination of the unperturbed intracellular environment.
Liposome-based techniques, although sensitive, are not
practical for intracellular staining due to their bulk which
causes poor cellular penetration.

Karkmann et. al. have published a protocol for
intracellular cytokine detection using enzymatic
amplification staining (91).  They were able to detect IFN-
gamma and IL-4 within peripheral blood mononuclear cells
stimulated with PMA plus ionomycin (91).  They showed a
10-20% increase in the cytokine positive cells detected by
enzymatic amplification staining relative to the standard
methods and suggested that their method could register as
few as 300-400 intracellular antigens per cell (91).
However, their method also employed brefeldin A
treatment rather than the direct examination of intracellular
antigens (91).  Using a different approach, we have
demonstrated the utility of tyramide-based enzymatic
amplification for intracellular interleukin-2 detection both

with and without inhibition of cellular secretion (D.
Kaplan, personal observation).

This methodology could have practical
ramifications since several routinely analyzed antigens are
located intracellularly, including TDT and hemoglobin ,
which can be difficult to detect on a consistent basis using
standard flow cytometry (92). Furthermore, Although
enzymatic amplification for intracellular cytokine staining
has been confined to research applications, this approach is
likely to gain clinical utility in the near future. The ability
of enzymatic amplification staining to overcome the
weaknesses of the current intracellular staining methods
may permit the detection by flow cytometry of a broad
array of clinically important intracellular antigens and
obviate the present need for the pharmacologic
manipulation of cells.

6.  PERSPECTIVE

Amplification staining technology coupled with
flow cytometry allows for a significant improvement in our
analytical abilities.  It is very possible that this
enhancement in sensitivity of antigen detection may lead to
significant new findings in medicine and improved clinical
diagnosis.  We have shown that enzymatic amplification
staining can be readily applied to flow cytometry on
clinical samples.

Beyond the enhanced ability to assess clonality,
the generally enhanced sensitivity associated with
enzymatic amplification staining may lead to redefinition
of the "classic" phenotypes of leukemias and lymphomas
due to the uncovering of antigens expressed below the
detection limit of standard flow cytometry.  For instance,
we have used enzymatic amplification staining to discover
aberrant CD5 expression on an otherwise classic case of
CD10+ follicle center cell lymphoma.  With expanded
application of enzymatic amplification staining to clinical
material, other novel immunophenotypes will undoubtedly
come to light as well.  Their significance will obviously
need to be evaluated by large scale clinico-pathologic
studies.  The increased sensitivity is also likely to lead to
clearer definition of lymphoid cell subsets.  For instance,
we have detected in normal control samples a much higher
percentage of CD5+ B lymphocytes than is generally
accepted.  Likewise, we have also highlighted distinct
subsets of CD4+ T cells based on CD25 expression.  Future
studies of additional antigens may lead to the definition of
new and unanticipated lymphocyte subpopulations.

Finally, the ability to detect intracellular
cytokines without ex vivo cellular manipulation may permit
correlation of cytokine expression patterns with disease
states.  Currently intracellular cytokine staining techniques
require a cell stimulation period and pharmacologic
secretion blockade to enhance the sensitivity of the assay.
The ability directly to assess cytokine-producing T cell
subsets in peripheral blood by using highly sensitive
chemokine receptor analysis, for instance, may be of
particular use in both the research and clinical setting.



[Frontiers in Bioscience 7, c33-43, April 1, 2002]

40

7. ACKNOWLEDGEMENTS

We would like to thank members of the flow cytometry
laboratory at University Hospitals of Cleveland, Alison
Edinger, Ebeneezer Osei, and Dawn Thut, for their help
with this project. We would also like to thank members of
the Kaplan laboratory, Dawn Smith, Kristine
Lewandowska, and William Husel for their effort and work
in this area.

8.  REFERENCES

1. Coventry BJ, Neoh SH, Mantzioris BX, et. al.. A
comparison of the sensitivity of  immunoperoxidase
staining methods with high-sensitivity fluorescence flow
cytometry-antibody quantitation on the cell surface. J
Histochem Cytochem 42:1143-1147 (1994)

2.  Wetzsteon PJ, Head MA, Fletcher LM, et. al. Cytotoxic
flow-cytometric crossmatches (flow-tox): a comparison
with conventional cytotoxicity crossmatch techniques. Hum
Immunol 35:93-99 (1992)

3.  Kaplan D and Smith D  Enzymatic amplification
staining for flow cytometric analysis  of cell surface
molecules. Cytometry 40:81-85 (2000)

4.  Earnshaw JC, Osbourn JK. Signal amplification in flow
cytometry using biotin tyramine. Cytometry 35:176-179
(1999)

5.  Shapiro, H.  Practical Flow Cytometry. Alan R. Liss,
New York (1988)

6.  Watson JV, Walport MJ.  Molecular calibration in flow
cytometry with sub-attogram detection limit. J Immunol
Methods 93:171-175 (1986)

7.   Benson RC, Meyer RA, Zaruba ME, McKhann GM.
Cellular autofluorescence--is it due to flavins?  J
Histochem Cytochem  27:44-48 (1979)

8.   Mosiman VL, Patterson BK, Canterero L, Goolsby CL.
Reducing cellular autofluorescence in flow cytometry: an
in situ method. Cytometry 30:151-156 (1997)

9.   Steinkamp JA, Stewart CC.  Dual-laser, differential
fluorescence correction method for reducing cellular
background autofluorescence. Cytometry 7:566-574 (1986)

10.  Steinkamp JA, Crissman HA. Resolution of
fluorescence signals from cells labeled with fluorochromes
having different lifetimes by phase-sensitive flow
cytometry. Cytometry 14:210-216 (1993)

11.  Zola H, Purling RJ, Koh LY, Tsudo M.  Expression of
the p70 chain of the IL-2 receptor on human lymphoid
cells: analysis using a monoclonal antibody and high-
sensitivity immunofluorescence.  Immunol Cell Biol 68( Pt
4):217-223 (1990)

12. Laszlo G, Dickler HB. Detection of low numbers of
lymphocyte surface membrane molecules using
concentration
immunofluorescence analysis (CIA) Hybridoma  9:111-117
(1990)

13. Cohen JH, Aubry JP, Jouvin MH, Wijdenes J,
Bancherau J, Kazatchkine M, Revillard JP. Enumeration of
CR1 complement receptors on erythrocytes using a new
method for detecting low density cell surface antigens by
flow cytometry. J Immunol Methods 99:53-58 (1987)

14. Chizzolini C, Rezzonico R, Ribbens C, Burger D,
Wollhein FA, Dayer JM Inhibition of type I collagen
production by dermal fibroblasts upon contact with
activated T cells: different sensitivity to inhibition between
systemic sclerosis and control fibroblasts. Arthritis Rheum
41:2039-2047 (1998)

15. Aversa G, Punnonen J, de Vries JE. The 26-kD
transmembrane form of tumor necrosis factor alpha on
activated CD4+ T cell clones provides a costimulatory
signal for human B cell activation. J Exp Med 177:1575-
1585 (1993)

16. Rezzonico R, Burger D, Dayer JM. Direct contact
between T lymphocytes and human dermal fibroblasts or
synoviocytes down-regulates types I and III collagen
production via  cell-associated cytokines. J Biol Chem
273:18720-18728 (1998)

17. Truneh A, Machy P, Horan PK. Antibody-bearing
liposomes as multicolor immunofluorescence markers for
flow cytometry and imaging. J Immunol Methods 100:59-
71 (1987)

18. Scheffold A, Assenmacher M, Reiners-Schramm L,
Lauster R, Radbruch A.  High-sensitivity
immunofluorescence for detection of the pro- and anti-
inflammatory cytokines gamma interferon and interleukin-
10 on the surface of cytokine-secreting cells. Nat Med
6:107-110 (2000)

19. Scheffold A, Miltenyi S, Radbruch A.
Magnetofluorescent liposomes for increased sensitivity of
immunofluorescence. Immunotechnology  1:127-137
(1995)

20. Klein U, Rajewsky K, Kuppers R. Human
immunoglobulin IgM+IgD+ peripheral blood B cells
expressing the CD27 cell surface antigen carry somatically
mutated variable region genes: CD27 as a general marker
for somatically mutated (memory) B cells.  J Exp Med
188:1679-89 (1998)

21. Truneh A, Machy P. Detection of very low receptor
numbers on cells by flow cytometry using a sensitive
staining method. Cytometry 8:562-567 (1987)

22. Bobrow MN, Harris TD, Shaughnessy KJ, Litt GJ.
Catalyzed reporter deposition, a novel method of signal



[Frontiers in Bioscience 7, c33-43, April 1, 2002]

41

amplification. Application to immunoassays. J Immunol
Methods 125:279-285 (1989)

23. Bobrow MN, Litt GJ, Shaughnessy KJ, Mayer PC,
Conlon J.  The use of catalyzed reporter deposition as a
means of signal amplification in a variety of formats. J
Immunol Methods 150:145-149 (1992)

24. Speel EJ, Hopman AH, Komminoth P. Amplification
methods to increase the sensitivity of in situ hybridization:
play card(s)  J Histochem Cytochem  47:281-288 (1999)

25. Adams JC.  Biotin amplification of biotin and
horseradish peroxidase signals in histochemical stains. J
Histochem Cytochem 40:1457-1463 (1992)

26. Berghorn KA, Bonnett JH, Hoffman GE. cFos
immunoreactivity is enhanced with biotin amplification. J
Histochem Cytochem 42:1635-1642 (1994)

27. Sanno N, Teramoto A, Sugiyama M, Itoh Y, Osamura
RY. Application of catalyzed signal amplification in
immunodetection of gonadotropin subunits in clinically
nonfunctioning  pituitary adenomas. Am J Clin Pathol
106:16-21 (1996)

28. Merz H, Malisius R, Mannweiler S, Zhou R, Hartmann
W, Orscheschek K, Moubayed P, Feller AC.  ImmunoMax.
A maximized immunohistochemical method for the
retrieval and enhancement of hidden antigens. Lab Invest
73:149-156 (1995)

29. Kerstens HM, Poddighe PJ, Hanselaar AG. A novel in
situ hybridization signal amplification method based on the
deposition of tyramine. J Histochem Cytochem 43:347-352
(1995)

30. Mayer G, Bendayan M. Biotinyl-tyramide: a novel
approach for electron microscopic immunocytochemistry. J
Histochem Cytochem 45:1449-1454 (1997)

31. Mayer G, Bendayan M.  Immunogold signal
amplification: Application of the CARD approach to
electron microscopy. J Histochem Cytochem 47:421-430
(1999)

32. Mengel M, Werner M, von Wasielewski R.
Concentration dependent and adverse effects in
immunohistochemistry using the tyramine amplification
technique. Histochem J  31:195-200 (1999)

33. Speel EJ, Ramaekers FC, Hopman AH.  Sensitive
multicolor fluorescence in situ hybridization using
catalyzed reporter deposition (CARD) amplification. J
Histochem Cytochem 45:1439-1446 (1997)

34. Hopman AH, Ramaekers FC, Speel EJ. Rapid synthesis
of biotin-, digoxigenin-, trinitrophenyl-, and fluorochrome-
labeled tyramides and their application for In situ
hybridization using CARD amplification. J Histochem
Cytochem 46:771-777 (1998)

35. van Gijlswijk RP, Wiegant J, Raap AK, Tanke HJ.
Improved localization of fluorescent tyramides for
fluorescence in situ hybridization using dextran sulfate and
polyvinyl alcohol.  J Histochem Cytochem 44:389-392
(1996)

36. Macechko PT, Krueger L, Hirsch B, Erlandsen SL.
Comparison of immunologic amplification vs enzymatic
deposition of fluorochrome-conjugated tyramide as
detection systems for FISH. J Histochem Cytochem 45:359-
363 (1997)

37. Raap AK, van de Corput MP, Vervenne RA, van
Gijlswijk RP, Tanke HJ, Wiegant J. Ultra-sensitive FISH
using peroxidase-mediated deposition of biotin- or
fluorochrome tyramides. Hum Mol Genet 4:529-534 (1995)

38. van Gijlswijk RP, Zijlmans HJ, Wiegant J, Bobrow
MN, Erickson TJ, Adler KE, Tanke HJ, Raap AK.
Fluorochrome-labeled tyramides: use in
immunocytochemistry and fluorescence in situ
hybridization. J Histochem Cytochem 45:375-382 (1997)

39. Murakami T, Hagiwara T, Yamamoto K, Hattori J,
Kasami M, Utsumi M, Kaneda T. A novel method for
detecting HIV-1 by non-radioactive in situ hybridization:
application of a peptide nucleic acid probe and catalysed
signal amplification. J Pathol 194:130-135 (2001)

40. Bhattacharya D, Bhattacharya R, Dhar TK. A novel
signal amplification technology for ELISA based on
catalyzed reporter deposition. Demonstration of its
applicability for measuring aflatoxin B(1) J Immunol
Methods 230:71-86 (1999)

41. Heiskanen MA, Bittner ML, Chen Y, Khan J, Adler
KE, Trent JM, Meltzer PS. Detection of gene amplification
by genomic hybridization to cDNA microarrays. Cancer
Res 60:799-802 (2000)

42. Hashizume K, Hatanaka Y, Kamihara Y, Tani Y.
Automated immunohistochemical staining of formalin-
fixed and paraffin-embedded tissues using a catalyzed
signal amplification method. Appl Immunohistochem
Molecul Morphol 9:54-60 (2001)

43. Fresvig A, Qvigstad G, Halvorsen TB, Falkmer S,
Waldum HL. Neuroendocrine differentiation in bronchial
carcinomas of classic squamous-cell type: an
immunohistochemical study of 29 cases applying the
tyramide signal amplification technique. Appl
Immunohistochem Molecul Morphol 9:9-13 (2001)

44. Qvigstad G, Sandvik AK, Brenna E, Aase S, Waldum
HL. Detection of chromogranin A in human gastric
adenocarcinomas using a sensitive immunohistochemical
technique. Histochem J  32:551-556 (2000)

45. Buchwalow IB, Schulze W, Karczewski P, Kostic MM,
Wallukat G, Morwinski R, Krause EG, Muller J, Paul M,
Slezak J, Luft FC, Haller H. Inducible nitric oxide synthase
in the myocardium.  Mol Cell Biochem 217:73-82 (2001)



[Frontiers in Bioscience 7, c33-43, April 1, 2002]

42

46. Uchihara T, Nakamura A, Nagaoka U, Yamazaki M,
Mori O. Dual enhancement of double immunofluorescent
signals by CARD: participation of ubiquitin during
formation of neurofibrillary tangles. Histochem Cell Biol
114:447-451 (2000)

47. Slater M, Murphy CR. Detection of apoptotic DNA
damage in prostate hyperplasia using tyramide-amplified
avidin-HRP. Histochem J 31:747-749 (1999)
48. Van Heusden J, de Jong P, Ramaekers F, Bruwiere H,
Borgers M, Smets G. Fluorescein-labeled tyramide strongly
enhances the detection of low bromodeoxyuridine
incorporation levels. J Histochem Cytochem 45:315-319
(1997)

49. Luo JH, Matsushima AY, Chen R, Szabolcs MJ.
Detection of CD5 antigen on B cell lymphomas in fixed,
paraffin embedded tissues using signal amplification by
catalyzed reporter deposition. Eur J Histochem 42:31-39
(1998)

50. Tworek JA, Singleton TP, Schnitzer B, Hsi ED, Ross
CW.  Flow cytometric and immunohistochemical analysis
of small lymphocytic lymphoma, mantle cell lymphoma,
and plasmacytoid small lymphocytic lymphoma. Am J Clin
Pathol 110:582-589 (1998)

51. Malisius R, Merz H, Heinz B, Gafumbegete E, Koch
BU, Feller AC. Constant detection of CD2, CD3, CD4, and
CD5 in fixed and paraffin-embedded tissue using the
peroxidase-mediated deposition of biotin-tyramide. J
Histochem Cytochem 45:1665-1672  (1997)

52. Inagaki H, Banno S, Wakita A, Ueda R, Eimoto T.
Prognostic significance of CD44v6 in diffuse large B-cell
lymphoma.  Mod Pathol 12:546-552 (1999)

53. Erber WN, Willis JI, Hoffman GJ. An enhanced
immunocytochemical method for staining bone marrow
trephine sections. J Clin Pathol 50:389-393 (1997)

54. Lizard G, Demares-Poulet MJ, Roignot P, Gambert P.
In situ hybridization detection of single-copy human
papillomavirus on isolated cells, using a catalyzed signal
amplification system: GenPoint. Diagn Cytopathol 24:112-
116 (2001)

55. Schmidt BF, Chao J, Zhu Z, DeBiasio RL, Fisher G.
Signal amplification in the detection of single-copy DNA
and RNA by enzyme-catalyzed deposition (CARD) of the
novel fluorescent reporter substrate Cy3.29-tyramide. J
Histochem Cytochem 45:365-373 (1997)

56. Huang CC, Qiu JT, Kashima ML, Kurman RJ, Wu TC.
Generation of type-specific probes for the detection of
single-copy human papillomavirus by a novel in situ
hybridization method. Mod Pathol 11:971-977 (1998)

57. Zehbe I, Hacker GW, Su H, Hauser-Kronberger C,
Hainfeld JF, Tubbs R. Sensitive in situ hybridization with
catalyzed reporter deposition, streptavidin-Nanogold, and

silver acetate autometallography: detection of single-copy
human papillomavirus. Am J Pathol 150:1553-1561 (1997)

58. Kotronias D, Kapranos N. Detection of herpes simplex
virus DNA in maternal breast milk by in situ hybridization
with  tyramide signal amplification. In vivo 13:463-466
(1999)

59. Zerbini M, Cricca M, Gentilomi G, Venturoli S,
Gallinella G, Musiani M.  Tyramide signal amplification of
biotinylated probe in dot-blot hybridization assay for the
detection of parvovirus B19 DNA in serum samples. Clin
Chim Acta 302:79-87 (2000)

60. Moritoyo T, Izumo S, Moritoyo H, Tanaka Y,
Kiyomatsu Y, Nagai M, Usuku K, Sorimachi M, Osame M.
Detection of human T-lymphotropic virus type I p40tax
protein in cerebrospinal fluid cells from patients with
human T-lymphotropic virus type I-associated
myelopathy/tropical spastic paraparesis. J Neurovirol
5:241-248 (1999)

61. Breininger JF, Baskin DG. Fluorescence in situ
hybridization of scarce leptin receptor mRNA using the
enzyme-labeled fluorescent substrate method and tyramide
signal amplification. J Histochem Cytochem 48:1593-99
(2000)

62. van de Corput MP, Dirks RW, van Gijlswijk RP, van
Binnendijk E, Hattinger CM, de Paus RA, Landegent JE,
Raap AK.  Sensitive mRNA detection by fluorescence in
situ hybridization using horseradish peroxidase-labeled
oligodeoxynucleotides and tyramide signal amplification. J
Histochem Cytochem 46:1249-1259 (1998)

63. Punnonen EL, Fages C, Wartiovaara J, Rauvala H.
Ultrastructural localization of beta-actin and amphoterin
mRNA in cultured cells: application of tyramide signal
amplification and comparison of detection methods. J
Histochem Cytochem 47:99-112 (1999)

64. Agrawal YP, Hamalainen E, Mahlamaki EK, Aho H,
Nousianinen T, Lahtinen R, Penttila IM. Comparison of
poly- and
monoclonal antibodies for determination of B-cell clonal
excess in a routine clinical laboratory. Eur J Haematol
48:49-55 (1992)

65. Caligaris-Cappio, F. B-chronic lymphocytic leukemia:
a malignancy of anti-self B cells. Blood 87:2615-2620
(1996)

66. DiGiuseppe JA, Borowitz MJ Clinical utility of flow
cytometry in the chronic lymphoid leukemias.  Semin
Oncol 25:6-10 (1998)

67. Han T, Ozer H, Bloom M, Sagawa K, Minowada J. The
presence of monoclonal cytoplasmic immunoglobulins in
leukemic B cells from patients with chronic lymphocytic
leukemia. Blood 59:435-438 (1982)



[Frontiers in Bioscience 7, c33-43, April 1, 2002]

43

68. Bagwell CB, Lovett EJ 3d, Ault KA. Localization of
monoclonal B-cell populations through the use of
Kolmogorov-Smirnov D-value and reduced chi-square
contours. Cytometry 9:469-476 (1988)

69. Lampariello F. On the use of the Kolmogorov-Smirnov
statistical test for immunofluorescence histogram
comparison. Cytometry 39:179-188 (2000)

70. Kaplan, D, Meyerson H., and Lewandowska K.  High
resolution immunophenotypic analysis of chronic
lymphocytic leukemia cells by enzymatic amplification
staining. Am  J Clin Pathol in press.

71. McCarron KF, Hammel JP, Hsi ED. Usefulness of
CD79b expression in the diagnosis of B-cell chronic
lymphoproliferative disorders. Am J Clin Pathol 113:805-
813 (2000)

72. Kaplan D, Husel W, Meyerson H. Enhanced sensitivity
of detection with enzymatic amplification staining (EAS)
Clin in Lab Med in press.

73. Tiesinga JJ, Wu CD, Inghirami G. CD5+ follicle center
lymphoma. Immunophenotyping detects a unique subset of
"floral" follicular lymphoma. Am J Clin Pathol 114:912-92
(2000)

74. Davies FE, Rawstron AC, Pratt G, O'Connor S, Su'ut L,
Blythe D, Fenton J, Claydon D, Child JA, Jack AS, Morgan
GJ. FICTION-TSA analysis of the B-cell compartment in
myeloma shows no significant expansion of myeloma
precursor cells. Br J Haematol 106:40-46 (1999)

75. Rasmussen T, Jensen L, Honore L, Johnsen HE.
Frequency and kinetics of polyclonal and clonal B cells in
the peripheral blood of patients being treated for multiple
myeloma. Blood 96:4357-4359 (2000)

76. Hastrup N, Ralfkiaer E, Pallesen G  Aberrant
phenotypes in peripheral T cell lymphomas. J Clin Pathol
42:398-402 (1989)

77. Ginaldi L, Matutes E, Farahat N, De Martinis M,
Morilla R, Catovsky D,  Differential expression of CD3
and CD7 in T-cell malignancies: a quantitative study by
flow cytometry. Br J Haematol  93:921-927 (1996)

78. Almasri NM, Iturraspe JA, Braylan RC.  CD10
expression in follicular lymphoma and large cell lymphoma
is different from that of reactive lymph node follicles. Arch
Pathol Lab Med 122:539-544 (1998)

79. Dybkaer K, Pedersen B, Skou Pedersen F, Scholer
Kristensen J. Identification of acute myeloid leukemia
patients with diminished expression of CD13 myeloid
transcripts by competitive reverse transcription polymerase
chain reaction (RT-PCR)       Leuk Res 24:497-506 (2000)

80. Nomdedeu JF, Mateu R, Altes A, Llorente A, Rio C,
Estivill C, Lopez O, Ubeda J, Rubiol E. Enhanced myeloid
specificity of CD117 compared with CD13 and CD33.
Leuk Res 23:341-347 (1999)

81. Lanza F, Rigolin GM, Moretti S, Latorraca A, Castoldi
G. Prognostic value of immunophenotypic characteristics

of blast cells in acute myeloid leukemia. Leuk Lymphoma
13 Suppl 1:81-85 (1994)

82. Cascavilla N, Musto P, D'Arena G, Ladogana S, Matera
R, Carotenuto M Adult and childhood acute lymphoblastic
leukemia: clinico-biological differences based on CD34
antigen expression. Haematologica 82:31-37 (1997)

83. Goodell MA  Introduction: Focus on hematology.
CD34(+) or CD34(-): does it really matter? Blood 94:2545-
2547 (1999)

84. Goodell MA, Rosenzweig M, Kim H, Marks DF,
DeMaria M, Paradis G, Grupp SA, Sieff CA, Mulligan RC,
Johnson RP. Dye efflux studies suggest the existence of
CD34-negative/low hematopoietic stem cells in multiple
species. Nat Med 3:1337 (1997)

85. Youinou P, Jamin C, Lydyard PM  CD5 expression in
human B-cell populations. Immunol Today 20:312-316
(1999)

86. Lydyard PM, Jewell AP, Jamin C, Youinou PY.  CD5
B cells and B-cell malignancies. Curr Opin Hematol 6:30-
36 (1999)

87. Hultin LE, Hausner MA, Hultin PM, Giorgi JV CD20
(pan-B cell) antigen is expressed at a low level on a
subpopulation of human T lymphocytes. Cytometry 14:196-
204 (1993)

88. Quintanilla-Martinez L, Preffer F, Rubin D, Ferry JA,
Harris NL. CD20+ T-cell lymphoma. Neoplastic
transformation of a normal subset.  Am J Clin Path
102:483-489 (1994)

89. Bonecchi R, Bianchi G, Bordignon PP, D'Ambrosio D,
Lang R, Borsatti A, Sozzani S, Allavena P, Gray PA,
Mantovani A, Sinigaglia F. Differential expression of
chemokine receptors and chemotactic responsiveness of
type 1 helper cells (Th1s) and Th2s  J Exp Med 187:129-
134 (1998)

90. Zola, H. Detection of receptors for cytokines and
growth factors. Immunologist 2:47-50 (1994)

91. Karkmann U, Radbruch A, Holzel V, Scheffold A.
Enzymatic signal amplification for sensitive detection of
intracellular antigens by flow cytometry.  J Immunol
Methods 230:113-120 (1999)

92. Davis BH, Olsen S, Bigelow NC, Chen JC.  Detection
of fetal red cells in fetomaternal hemorrhage using a fetal
hemoglobin monoclonal antibody by flow cytometry.
Transfusion 38:749-756 (1998)

Key Words: Tyramide, Signal Amplification, Flow
Cytometry, Application, Sensitivity, Review

Send correspondence to: Howard J. Meyerson
Department of Pathology, Case Western Reserve
University, Biomedical Research Building, Room 926,
2109 Adelbert Road, Cleveland, OH 44106-4943. Tel: 216-
844-1848, Fax:216-844-5601, E-mail: hjm2@po.cwru.edu


