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Fig. 6.2 (A) Contouring of individual cells based on light scatter. (B) Green fluorescence in two of the cells, reflecting binding of
fluorescein isothiocyanate-conjugated CD3.
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Fig. 6.6 Example of clinical results showing the binding of lymphocyte-specific and immunoglobulin light chain-specific
antibodies. (A) Benign lymph node with polyclonal B-cells. (B) Malignant lymph node with monoclonal B-cells.
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Fig. 6.7 Cells from a fine needle aspiration biopsy of a benign lymph node. CD45" cells were gated (A) and subsequently displayed
as 12 separate fluorescein isothiocyanate (FITC) versus phycoerythrin (PE) histograms (B). See text for full details.
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Fig. 6.8 Cells from peripheral blood of a patient with acute myeloid leukaemia. CD45" cells were gated (A) and subsequently
displayed as 12 separate fluorescein isothiocyanate (FITC) versus phycoerythrin (PE) histograms (B). See text for full details.
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Fig. 6.9 Afine needle aspiration biopsy of a parotid mass from a 13-year-old boy with Burkitt’s

lymphoma. Values represent the percentage of cells found in each quadrant. See text for full

details.
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Fig. 6.10 Selection of cells for relocalisation from those used in Fig. 6.9.
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Fig. 6.11 Light microscopy of the cells relocated in Fig. 6.10. Cells are stained with Wright-Giemsa and B-cells are shown in the
top row and T-cells in the bottom.
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Fig. 6.12 Peripheral blood from a patient with chronic lymphocytic leukaemia.
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Fig. 6.13 Selection of cells for relocalisation from the sample
illustrated in Fig. 6.12.
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Fig. 6.14 Light microscopy of the cells relocated in Fig. 6.13. Cells are stained with Wright-Giemsa and B-cells are shown in the
top row and T-cells in the bottom.












Fig. 6.15 Relocalisation of cells for in situ hybridisation by epifluorescence microscopy. The top row is the B-cells and the
bottom row is the T-cells.












Fig. 6.16 Enhancement of the epifluorescence video images of the fluorescence in situ hybridisation probe spots in Fig. 6.15.
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Fig. 6.17 Bone marrow aspirate from a 48-year-old woman with chronic myeloid leukaemia in blast crisis. The CD45" cells which

were gated (A) and subsequently displayed as three separate fluorescein isothiocyanate (FITC) versus phycoerythrin (PE)
histograms (B). See text for full details.
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Fig. 6.18 Selection of cells for relocalisation from the CD45"
cells that were isolated from the patient in Fig. 6.17. Ph,
Philadelphia chromosome.
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Fig. 6.19 Light microscopy of the cells relocated in Fig. 6.18 using Wright-Giemsa stain. The top row is the myeloblasts and the
bottom row is lymphocytes.












Fig. 6.20 Relocalisation of the six cells in Fig. 6.19 for in situ hybridisation by epifluorescence microscopy. The top row is the

myeloblasts and the bottom row is lymphocytes.
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Fig. 6.21 Five-colour immunophenotyping plus DNA content analysis of peripheral blood lymphocytes. See text for details.
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Principles of flow cytometry

1.1 History and development of flow cytometry

Marion G. Macey

St Bartholomew’s and Royal London School of Medicine and Dentistry,
Queen Mary and Westfield College, London

1.2 Principles of flow cytometry

Wallace Coulter, in 1954, first described an instru-
ment in which an electronic measurement for cell
counting and sizing was made on cells flowing in a
conductive liquid with one cell at a time passing a
measuring point. This became the basis of the first
viable flow analyser. Kamentsky et al. (1965) de-
scribed a two-parameter flow cytometer that meas-
ured absorption and back scattered illumination of
unstained cells and this was used to determine cell
nucleic acid content and size. This instrument rep-
resented the first multiparameter flow cytometer;
the first cell sorter was described that same year by
Fulwyler (1965). Use of an electrostatic deflection
ink-jet recording technique (Sweet, 1965) enabled
the instrument to sort cells in volume at a rate of
1000 cells per second. By 1967, Van Dilla et al. ex-
ploited the real volume differences of cells to pre-
pare suspensions of highly purified (>95%) human
granulocytes and lymphocytes.

It is only comparatively recently that advances in
technology, including availability of monoclonal
antibodies and powerful but cheap computers, have
brought flow cytometry into routine use. Previously,
microscope-based static cytometry with cell-by-cell
analysis had been the mainstay of most diagnostic
work. However, with the increasing ability to
measure a minimum of five parameters on 25000
cells in 1 second, cell surface antigen analysis has
become almost routine. This has not only enhanced
the diagnosis and management of various disease
states but also given new understanding to the
pathogenesis of disease.

All forms of cytometry depend on the basic laws of
physics, including those of fluidics, optics and elec-
tonics (Watson, 1999). Flow cytometry is a system
for sensing cells or particles as they move in a liquid
stream through a laser (light amplification by
stimulated emission of radiation) light beam past a
sensing area. The relative light scattering and col-
our-discriminated fluorescence of the microscopic
particles is measured. Analysis and differentiation
of the cells is based on size, granularity and whether
the cell is carrying fluorescent molecules in the form
of either antibodies or dyes (Fig. 1.1). As the cell
passes through the laser beam, light is scattered in
all directions and that scattered in the forward di-
rection at low angles (0.5-10°) from the axis is pro-
portional to the square of the radius of a sphere
(Brunsting and Mullaney, 1974) and so the size of
the cell or particle. Light may enter the cell and be
reflected and refracted by the nucleus and other
contents of the cell; consequently, the 90° light
scatter (also known as right-angled or side scatter,
90°LS) may be considered proportional to the
granularity of the cell. The use of light scattering
properties to distinguish cell morphology is dis-
cussed further in Ch. 8. The cells may be labelled
with fluorochrome-linked antibodies or stained
with fluorescent membrane, cytoplasmic or nuclear
dyes. In this way, differentiation of cell types, the
presence of membrane receptors and antigens,
membrane potential, pH, enzyme activity and DNA
content may be assessed.

Flow cytometers are multiparameter, recording
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Fig. 1.1 The parameters of flow cytometric analysis: forward
angle light scatter, 90° light scatter and fluorescence.
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Fig. 1.2 Schematic representation of a flow cytometer
showing the flow chamber, sheath stream, laser beam,
sensing system, computer, deflection plates and droplet
collection. (Reprinted from the EPICS® V/C Course Notes with
permission from the copyright holder, Beckman Coulter.)

several measurements on each cell; therefore, it is
possible to identify a homogeneous subpopulation
within a heterogeneous population. This is one of
the most useful features of flow cytometers and
makes them preferable to other instruments such as
spectrofluorimeters, in which measurements are
based on analysis of the entire population.

Most commercial flow cytometers have the ca-
pacity to make five or more simultaneous measure-
ments on every cell, but some specialised research
instruments have considerably greater capacity;
with three lasers it is possible to analyse up to 11
parameters (Bigos et al., 1999). A typical flow
cytometer consists of three functional units: (i) a
light source, or laser, and a sensing system that
comprises the sample/flow chamber and optical
assembly; (ii) a hydraulic system, which controls the
passage of cells through the sensing system; and (iii)
a computer system, which collects data and per-
forms analytical routines on the electrical signals
relayed from the sensing system (Fig. 1.2).

Flow cytometers may utilise epifluorescent
microscopy or dark-ground laser illumination; in
both designs, the flow chamber is instrumental in
delivering the cells in suspension to the specific
point that is intersected by the illuminating beam
and the plane of focus of the optical assembly. Cells
suspended in isotonic fluid are transported through
the sensing system. Most instruments utilise a
lamina/sheath flow technique (Crosland-Taylor,
1953) to confine cells to the centre of the flow
stream; this also reduces blockage caused by
clumping. Cells enter the chamber under pressure
through a small aperture, which is surrounded by
sheath fluid (Fig. 1.3A). The sheath fluid in the
sample chamber creates a hydrodynamic focusing
effect and draws the sample fluid into a stream (Fig.
1.3B). Accurate and precise positioning of the
sample fluid within the sheath fluid is critical to
efficient operation of the flow cytometer, and ad-
justment of the relative sheath and sample press-
ures ensures that cells pass one by one through the
detection point. This alignment may be performed
manually on some machines; in others it is fixed.

Chambers used in microscope-based flow sys-
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Fig. 1.3 (A) Example of a typical flow cell. 1 sample input; 2 sheath fluid input. (B) Illustration of the process of hydrodynamic

focusing. (Both illustrations are reprinted from the EPICS® V/C Course Notes with permission from the copyright holder, Beckman
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tems (where fluorescence is measured in line with
the optical system) are constrained by limitations.
The chamber acts as the horizontal microscope
stage (Fig. 1.4) and the top of the chamber is usually
a glass coverslip. Scatter measurements are restric-
ted to within the direct optical path of the immer-
sion objectives. Some systems do not use an en-
closed channel but simply squirt the hydro-
dynamically focused sample at a low angle across a
microscope slide, followed by vacuum aspiration to
waste. Systems in which the sample remains static
and where the laser scans the cell surface have been
developed. These laser scanning cytometers are de-
scribed further in Ch. 6.

In laser-based flow cytometers, where fluor-
escence is measured at right angles to the illumina-
ting beam, chambers may comprise flat-sided
cuvettes to minimise unwanted light reflections
(Fig. 1.5A). Where cell sorting is required; so called
stream-in-air or jet-in-air flow cells are used (Fig.
1.5B).

T

I

Sheath in

Fig. 1.4 Example of a chamber used in a microscope-based
flow system.

Watecooled laser sources in the range 50 mW to 5
W output power may be used for fluorescence and
light-scatter measurements. Air-cooled lasers have
a maximum 100 mW output and are now more
commonly used in commercial instruments. Lasers
have the advantage of producing an intense beam of
monochromatic light, which in some systems may
be tuned to several different wavelengths. The lasers
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Fig. 1.5 Chambers in flow cytometers. (A) An example of a flat-sided cuvette system used to minimise unwanted light reflections

and increase sensitivity. (B) An example of a stream-in-air nozzle used for sorting cells.

most commonly used in flow cytometry are argon
lasers, which produce light between wavelengths
351 and 528 nm; krypton lasers, which produce light
at 350-799 nm; helium-neon lasers, which produce
light at 543, 594, 611 and 633 nm; and helium-
cadmium lasers, which produce light at 325 and 441
nm.

1.3 Fluorescence analysis

Fluorescence is excited as cells traverse the laser
excitation beam, and this fluorescence is collected
by optics at 90° to the incident beam. A barrier filter
blocks laser excitation illumination, while dichroic
mirrors and appropriate filters (see below) are used
to select the required wavelengths of fluorescence
for measurement. The photons of light falling upon
the detectors are converted by photomultiplier
tubes (PMTs) to an electrical impulse, and this

signal is processed by an analogue-to-digital con-
verter, which changes the electrical pulse to a
numerical signal. The quantity and intensity of the
fluorescence are recorded by the computer system
and displayed on a visual display unit as a frequency
distribution, which may be single (Fig. 1.6), dual
(Fig. 1.7) or multiparameter. Single-parameter his-
tograms usually convey information regarding the
intensity of fluorescence and number of cells of a
given fluorescence, so that weakly fluorescent cells
are distinguished from those that are strongly fluor-
escent.

Dual-parameter histograms of forward angle light
scatter (FALS) and 90° light scatter allow identifica-
tion of the different cell types within the prepara-
tion, based on size and granularity. Right angle and
side scatter are alternative names used for 90° light
scatter.



1.4 Light scatter and fluorescence detection

1.4.1 Filters

Light scattered by particles as they pass through a
laser or light source must be efficiently detected and
fluorescent light of a given wavelength requires spe-
cific identification. The amount of light scattered is
generally high in comparison with the amount of
fluorescent light. Photodiodes are, therefore, used
as forward angle light (FAL) sensors; they may be
used with neutral density filters, which propor-
tionally reduce the amount of light received by the
detector. A beam absorber (diffuser or obscuration
bar) is placed across the front of the detector to stop
the laser beam itself and any diffracted light from
entering the detector. The scattered light is focused
by a collecting lens onto the photodiode(s), which
converts the photons into voltage pulses propor-
tional to the amount of light collected (integrated
pulse). These pulses may be amplified by the oper-
ator. In some systems with multiple diodes, upper
and lower light may be collected, which may help to
separate populations of cells or particles.

Fluorescence detectors are usually placed at right
angles to the laser beam and sample stream. Stray
light may be excluded by an obscuration bar in front
of an aspheric (objective) lens, which collects the
light and refracts it into a parallel beam. To detect
the components of the beam, filters and dichroic
mirrors are used to remove unwanted wavelengths
of light and direct light to the correct detector(s).
Table 1.1 describes some of the different types of
lens and filter used.

Figure 1.8 illustrates a possible lens configuration
for detecting 90° light scatter, green (either fluor-
escein or fluorescein isothiocyanate (FITC)), orange
(phycoerythrin (PE)) and red (phycoerythrin-Texas
Red® (PE-TR or Energy Coupled Dye (ECD™))
fluorescence. Typically the first filter used elimin-
ates the 488 nm laser light that still may have passed
through. The light may then be diverted to a beam
splitter, or a dichroic mirror. This mirror reflects
light in one band of wavelengths (usually long)
while allowing another band to pass through
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Fig. 1.7 Dual-parameter histogram of the forward scatter and
side scatter analysis of leukocytes from peripheral blood
showing the characteristic distribution of lymphocytes,
monocytes and granulocytes.
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Table 1.1 Types of filter

Filter type

Comments

Absorbance

Interference

Dichroic mirrors

Beam splitters

Band-pass

Neutral density

The transition from absorbance to transmission occurs over a set range of wavelengths and the filters are,
therefore, named at the 50% transmission point. Dye in glass band-pass filters have excellent blocking
properties and very high (above 50%) pass of light. They are inexpensive but fluoresce; consequently they
should not be used as primary blocking filters. They are always long-pass filters, i.e. they block short
wavelengths and transmit long wavelengths

These long-pass filters are manufactured by an etching process to give a raised and cut surface with ridges at
set distances; these cause interference in the wavelength of light transmitted. They are reflectance filters and
the shiny side is towards the laser. They do not fluoresce but have 90% efficiency at best and poor
transmittance. Also the etching process allows light of incorrect wavelength to pass. They may be termed by
the centre wavelength, and band-widths are usually given (Fig. 1.8)

These are a combination of a mirror and an interference filter, which need to be placed at an angle of 45° to
the beam. They reflect short wavelengths and let longer wavelengths pass. They are used with other filters
and are normally long-pass filters

These are metallic coated quartz substrates and are designed to work at 45° angle of incidence. Numbers
indicate reflection/transmission values

These filters allow light within certain wavelengths to pass. They are interference filters with two coatings and
act as a long-pass and a short-pass filter. They transmit and reflect but may suffer from attenuation

These attenuate all wavelengths and may be used for forward angle light scatter and 90° light scatter

|_| e RFL

PMT

Fig. 1.8 Typical lens and mirror assembly for detection of 90° side light scatter (90° LS) and fluorescence from fluorescein

isothiocyanate, phycoerythrin or Energy Coupled Dye. 1, beam splitter, normal glass; 2, laser line filter 396-496 nm band-pass: 3,

diffuser; 4, dichroic mirror 570 nm long-pass; 5, laser cut filter 490 nm long-pass; 6, green filter 515-530 nm band-pass; 7, orange

filter 600 nm long-pass; 8, dichroic mirror 610 nm long-pass; 9, orange filter 565-592 nm band-pass; 10, red filter 620 nm

long-pass. GFL, green fluorescence; OFL, orange fluorescence; RFL, red fluorescence; PMT, photomultiplier tube.

(usually short). It should be noted that there is no are passed through other filters before entering the
direct cut-off here between reflection and trans- detector. These filters remove the unwanted
mission. There is a middle band of wavelengths that wavelengths and allow the desired wavelengths to
will do both. For this reason, the colour components pass through to the detector. These filters are called



band-pass filters and are designated by whether
they transmit long wavelengths (long-pass) or shor-
ter wavelengths (short-pass).

The sensors used for side light scatter and fluor-
escence are PMTs. These tubes serve as detectors
and also amplifiers of the weak fluorescent signals.
They have their own high voltage power supplies,
which provide the boost needed to amplify the sig-
nal internally within the PMT. The amount of high
voltage and therefore the amplification is adjustable
by the operator. A second amplification, also oper-
ator controlled, may be made on the PMT signal
external to the PMT. PMTs are used only under
weak light conditions; they may be damaged by
high-intensity light such as normal room light.

1.4.2 Filter sets

Filters are used in sets, usually in pairs of a band-
pass filter with a dichroic mirror or beam splitter.
Beam splitters are metallic coated quartz substrates
and are designed to work at an angle of incidence of
45°. Filters have numbers that indicate the reflec-
tion/transmission value for the centre wavelength
and band-width (nm) (Fig. 1.9).

1.5 Acquisition

Light scatter signals result from a measure of a com-
bination of parameters: (i) the size (projected sur-
face area) of the particle, (ii) the surface topography
(rough or smooth), (iii) the optical density (will be
influenced by the light absorbed and the refractive
index, which will determine the light refracted
through the particle) and (iv) the internal structure
of the particle (granular or uniform). Some of these
components will contribute to all of the light scatter
produced.

The purpose of analysing the light scatter or fluor-
escence signal is to determine the difference be-
tween particles as indicated by voltage output from
detectors. There are several methods of retrieving
this information. The maximum voltage (or peak)
level reached as the particle passes through the laser
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Fig. 1.9 Example of transmittance profiles of filters with 50%
transmittance at 450 nm (A), 490 nm (B) and 510 nm (C).
(Reprinted from the EPICS® V/C Course Notes with
permission from the copyright holder, Beckman Coulter.)

beam may be measured. This pulse height may be a
measure of the maximum fluorescence given off by
a particle (Fig. 1.10A). Particles with different
amounts of associated fluorescence have different
pulse heights and so peak pulses. A particle with
fluorescent molecules spread uniformly over the
surface will produce a wider peak pulse than a par-
ticle with fluorescence concentrated at one point.
The latter will produce a narrower and sharper peak
pulse (Fig. 1.10B). However, the height of the peak
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Fig. 1.10 Pulse generation. (A) The electronic pulse generated by a particle as it moves through a laser beam. (B) The pulses

generated by cells with high and low fluorescence intensities.

pulse may be the same for both particles and so they
become indistinguishable by this parameter. The
area under the two pulses will, however, be differ-
ent. The area under the pulse allows generation of a
second parameter, referred to as the integrated
pulse. A third parameter may also be used if the
ratio of the peak to integrated pulse is measured.
This is termed time of flight (TOF).

1.6 Amplification

Some particles may also be better differentiated if
the original peak or integrated pulse is amplified.
Normal amplification accentuates the differences
between pulses, but in some cases this may not be
sufficient to differentiate between small changes in
pulse height. The use of logarithmic amplification
makes small pulses much larger while amplifying
the larger pulses by a lesser amount. The result is
that the differences in the smaller pulses are accen-
tuated.

1.7 Histograms

Particles are analysed individually but interpreted
collectively. The collective picture is represented as
a histogram. These may be single, two or three par-
ameter. Single-parameter histograms are two-di-
mensional graphs in which the parameter to be
interpreted is represented on the horizontal (x-axis)
and the number of events is represented on the
vertical (y-axis) axes. The parameter could be the
peak pulse height, the integrated pulse height or a
ratio based on the first three parameters. Light scat-
ter or fluorescence pulses may also be used. As well
as being displayed as data are accumulated, raw
data acquired during ‘real-time analysis’ can be
written in a continuous stream onto disc. This listed
data or ‘list mode analysis’ can subsequently be
re-analysed in more detail.

The production of a histogram relies on the
measurement of pulses of a given value and their
assignment to channels that represent different
voltage levels. This type of analysis is referred to as
‘pulse processing’. Each time a pulse falls into one



of these channels, a counter increments the chan-
nel. The process of counting each pulse in the ap-
propriate channel is known as analogue-to-digital
conversion. Most systems have 256 or 1024 chan-
nels for single-parameter histograms and may gen-
erate the histogram based on fluorescence, forward
angle light scatter or 90° light scatter. The pulses
may be amplified, in alinear or logarithmic manner.
In some experiments, the peak or integral pulses
may vary widely in size. With linear amplification,
small pulses will be bunched up into a few channels,
making it difficult to distinguish differences be-
tween them. If the amplification is increased, this
helps to distinguish between the small pulses but
the larger pulses are pushed off the scale of the
histogram. In such cases, the operator may elect to
use pulses that have gone through a logarithmic
amplification before plotting. The plot may include
all pulses, with the small pulses spread over more
channels and the larger pulses over fewer channels.
In this way all pulses are brought onto the scale of
the histogram. The use of logarithmic and linear
amplification is described further in Ch. 5.

1.8 Coefficients of variation

Ideally, the same particle passing repeatedly
through the laser beam should produce identical
light scatter or fluorescence pulses. Another particle
might produce a consistent but different set of
pulses. Practically, there are always some variations
within the instrument that causes some variation in
the pulses even though the particles are the same.
Any problems with the sample flow, the laser inten-
sity, laser alignment, beam focusing or detection
may result in variation of the pulses associated with
a given particle. These variations lead to variation in
histograms and it is important to determine
whether the variation is caused by the instrument or
results from particle variation or is caused by both.
The operator can assess the magnitude of the in-
strument variations by calculating a coefficient of
variation (CV) on a good uniform test sample such
as fluorescent beads (available from Beckman Coul-
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ter, BD Biosciences, Dako and Polysciences). The
basic equation for CV is:

CV=(SD/MEAN) x 100

where SD is the standard deviation and MEAN is the
average value for the parameter measured for these
particles (for a Gaussian distribution this would be
the channel with the highest count). Most instru-
ments calculate the CV for the operator. If the oper-
ator knows what the CV is normally, then any in-
crease in CV will indicate that the instrument setting
may be changing and is broadening the histograms.
However, if the beads have a good CV and a test
sample has a broad histogram then it is likely to be a
genuine phenomenon. Fluorescent beads may be
added to the biological sample to be tested provided
they do not interfere with the sample. The use of
beads to count cells within a test sample and as-
pects of quality control are discussed further in
Ch. 4.

Once a histogram has been produced, the oper-
ator may now analyse it. The most common analysis
is simply to determine what percentage of a total is a
subpopulation. This is possible if the populations
are nicely separated; in practice this may not be the
case. However sophisticated computer programs
are available to analyse overlapping populations.
Computers can also be used to compare one histo-
gram with another and determine if there are any
significant differences.

All flow cytometric systems have the ability to
analyse more than one signal simultaneously on
particles and plot them as three-dimensional histo-
grams. Many combinations of signals might be
used. The histogram is like a chequer board of chan-
nels. Each channel, like the single-parameter histo-
gram, has a counter but now two pulse heights for a
particle must fall within a channel to increment that
channel. A three-dimensional histogram is, there-
fore, built up as the channels are incremented for a
given sample (Fig. 1.11A). The two-parameter histo-
gram can be converted to a single-parameter histo-
gram by viewing from the side (either axis x or y);
this is called a projection (Fig. 1.11B). The two-
parameter histogram may also be viewed from
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Fig. 1.11 Different ways of analysing data from flow
cytometry. (A) A two-parameter three-dimensional histogram;
(B) a projection histogram; (C) a slice and (D) a contour plot.
(Reprinted from the EPICS® V/C Course Notes with
permission from the copyright holder, Beckman Coulter.)

above and in this format it is referred to as a scatter-
gram or dot plot. It is also possible to examine the
distribution in all channels that have a certain oper-
ator-selectable minimum count. This is termed a
slice (Fig. 1.11C) and an outline of a series of slices
from the bottom to the top of a two-parameter his-
togram is termed a contour plot (Fig. 1.11D).

1.9 Spectral overlap and compensation

Each fluorochrome has a wide emission spectrum.
When multiple fluorochromes are used, parts of
their emission spectra will probably be at the same
wavelengths. This is referred to as ‘spectral overlap’.
Figure 1.12 shows the emission spectra for FITC and
PE. Superimposed on the spectra are the possible
transmission characteristics of two band-pass fil-
ters. The FITC emission spectrum overlaps with that
of PE and some of its light will be transmitted by the
PE filter and so enter the PMT for PE. This spectral
overlap is corrected by subtracting a fraction of the

PE

Fluorescence emission

I I I
500 600 700

Wavelength nm

Fig. 1.12 Fluorescence emission spectra for fluorescein
isothiocyanate (FITC) and phycoerythrin (PE) showing the
overlap in emission for the two fluorochromes.

FITC signal from the PE signal. Similarly, a fraction
of the PE signal may be subtracted from the FITC
signal; this is termed compensation. Figure 1.13
shows an example of the analysis of lymphocytes
labelled with PE-CD4 and FITC-CD8 without and
with compensation.

1.10 Safety aspects of lasers

Hazards from lasers can be summarised as follows:

* damage to the eye: the argon—krypton laser pres-
ents a possible hazard to the eye as ‘stray’ diffuse
blue laser radiation can be focused by the eye
onto the retina; damage can occur by either ther-
mal or photochemical effects, depending on ex-
posure duration

* skin burns: interception of the beam by any part
of the skin can possibly cause damage through
thermal effects

* material combustion: any unsuitable material in
the vicinity of the beam can potentially catch fire,
emit toxic gases or explode if irradiated.

Under normal operation of commercially available

flow cytometers, the laser requires covers to be in-
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Fig. 1.13 The analysis of lymphocytes labelled with fluorochromes: (A) PE,/CD4; (B) FITC,/CD8 without compensation; (C) as (B)
but with compensation; (D) dual labelled with PE-CD4 and FITC-CD8 without compensation and (E) as (D) but with
compensation. FITC, fluorescein isothiocyanate; PE, phycoerythrin

stalled and the laser output is interrupted if the
cover is removed. Under these circumstances, the
laser is classified as a class 1 product and there is
therefore no potential hazard. Safety standard for
British Radiation Hazard number 21 in subchapter 1
applies. However, it is possible for the operator to
defeat the interlock in the specimen irradiation area
thus allowing the beam to be seen, although direct
(intrabeam) viewing is impossible because of the
layout of the equipment. A potential hazard exists
from reflections. If the reflected beam is diffused in
all directions, this does not present a hazard. If the
beam remains focused after reflection, the maxi-
mum permissible exposure (intrabeam viewing) is
100 ] m~2. For an exposure of 60 seconds, it is 1.67 W
m~2 and with a 2 W laser a safe viewing distance for
such exposure would be 0.2 m. As a small source,
therefore, an argon-krypton laser presents no haz-
ard providing the operator does not view the beam
reflection from any closer than 20 cm and for no

longer than 60 seconds. Should prolonged viewing
of the beam be necessary, the use of safety spec-
tacles is recommended.

1.11 Cell sorting

An important function of flow cytometry is its abil-
ity to separate and collect a subpopulation of cells,
identified by multiparameter analysis. Classically,
this sorting of cells is accomplished as the cells exit
from the sample chamber in a liquid jet. Savart
(1833) showed that when a small jet of fluid was
vibrated at the correct frequency the stream could
be broken into a series of uniform droplets. In the
flow cytometer, the sheath stream is broken into a
series of uniform droplets by vibrating the sample
chamber with a piezoelectric crystal at a high
frequency. Cells flowing through the flow cytometer
are isolated in these tiny droplets. When the
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Table 1.2 Specification of commercial flow cytometers

EPICS®
Specification FACSCalibur FACS™ Vantage EPICS® XL ALTRA MoFlo DAKO PAS
Light source
Type Air-cooled argon Air-cooled argon Air-cooled argon Air-cooled argon Air-cooled argon Air-cooled
ion and red ion and red ion laser laser plus choice ion laser plus argon ion laser
diode lasers diode lasers plus of lasers choice of two with mercury
the choice of a more lasers arc lamp and
third laser red diode laser
Lifetime >5000 h Dependent on >5000 h Dependent on Dependent on >5000 h
laser laser laser
Optics
Usable spectrum 488 and 635 200-676 488 200-676 200-676 345-676
(nm)
Fluorescence Green (525 nm), Variable Green (525 nm)  Up to six colours Minimumof 10  Up to four
detectors orange operator- orange (575 nm) detected colours colours
(575 nm), red controlled five red (630 nm) far
(630 nm), farred colour detection red (>650 nm)
(>650 nm)
Light scatter Forward angle Forward angle Forward angle Forward angle Forward angle Forward angle
side side side side side side
Alignment Pre-aligned Operator Pre-aligned Operator Operator Pre-aligned
laminar flow controlled laminar flow controlled controlled
laminar flow
Fluorescence > 600 FITC, > > 500 FITC, > 500 FITC, > 500 FITC, > 500 FITC, > 500 FITC,
sensitivity 700 PE >700 PE >700 PE >700 PE >700 PE >700 PE
(number of
molecules)
Fluorescence +2% full peak for <2% full peak <2% full peak <2% full peak <2% full peak
coefficient of PI-stained for PI-stained for PI-stained for PI-stained for PI-stained
variation thymus nuclei peripheral blood normal human normal human  normal human
mononuclear lymphocytes lymphocytes lymphocytes
cells
Light scattering 0.1 pm 1-2 pm 0.5 pm particles 1-2 pm 1-2 pm
sensitivity over background
with FALS
Fluidics
Flow cell Quartz cuvette Jet-in-air 250 pm BioSense Quartz sort Patented Quartz cuvette
flow cell, quartz  sense flow cell ~ jet-in-air flow
mounted cell
Sample system  Continuous Continuous Continuous Continuous Continuous Fixed volume
Sheath flow Operator 10, 30 or Operator Processor
variable 60 plmin~! variable controlled
Analysing rate Maximum Typical 2000 Typical 3000 Typical 10000 Typical 15000 Maximum
(cells s 20000, typical 30000

2000
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Table 1.2 (cont.)

EPICS®
Specification FACSCalibur FACS™ Vantage EPICS® XL ALTRA MoFlo DAKO PAS
Run cycle Automated or Operator Automated or Operator Operator Automated
operator controlled operator controlled controlled
controlled controlled
Additional Sample loader, Integrated cell Autoloader Autoclone CyCLONE Sorting system
options sorter unit, cell  deposition sorting, sorting into
concentrator system, pulse HyPerSort 96-well plates
processor, system
‘Turbo’ sort
option
Biosafety Enclosed flow Optional closed  Enclosed flow Optional closed  Optional closed Enclosed flow

cell assembly flow system

cell assembly

flow system flow system cell assembly

FALS, forward angle light scatter; FITC, fluorescein isothiocyanate; PE, phycoerythrin; PI, propidium iodide.

computer detects a cell that satisfies the parameters
determined by the operator for sorting, an electrical
charge is applied to the droplet (Thompson, 1967).
The polarity of the charge, positive or negative, is
determined by the sorting criteria. As the charged
droplet passes an electrostatic field, it is deflected to
the right or left, carrying the sorted cell. Extremely
pure populations of cells may be sorted at relatively
rapid rates.

More recently, an alternative technique has be-
come available for sorting cells. The Becton Dickin-
son machines employ a system in which the re-
quired cell is removed from the sheath stream by a
small rotating catcher tube. Up to 300 cells s~' may
be sorted, but only one-way sorting is available at
present. The technique is not dependent on droplet
formation and takes place in an enclosed environ-
ment. Therefore, no aerosols are formed, which is
designed to eliminate the risk from biohazardous
samples.

1.12 Commercial flow cytometers

There are four major manufacturers of flow
cytometers: Coulter (now part of Beckman Coulter),

Becton Dickinson (now part of BD Biosciences),
Dako and Cytomation. Coulter, Becton Dickinson
and Cytomation originally introduced flow
cytometers capable of sorting with water-cooled
lasers. Coulter produced the EPICS® (Electronically
Programmable Individual Cell Sorter) series, Becton
Dickinson marketed the FACS™ (Fluorescent Ac-
tivated Cell Sorter) while Cytomation promoted the
MoFlo. Dako, Coulter and Becton Dickinson have
moved toward production of clinically orientated
bench top analysers, employing air-cooled lasers
and without the capacity to sort cells (Coulter EPI-
CS®XL, Becton Dickinson FACSCalibur, Dako PAS).
The Dako PAS flow cytometer is capable of deter-
mining absolute counts on cell subpopulations and
Becton Dickinson have launched the FACSort and
FACS™ Vantage. Table 1.2 illustrates the salient
specifications of the currently available commercial
flow cytometers.
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Introduction to the general principles of

sample preparation

2.1 Introduction

When collecting and preparing samples for
cytometric analysis, it is essential to use a protocol
that enables the aims of the investigation to be
fulfilled, because if samples are handled wrongly at
the start, there is usually nothing that can be done
later to remedy the situation. For many studies it
may be possible to use, or to modify, an existing
protocol; for others it may be necessary to devise a
new one. In this chapter, the general principles rel-
evant to collecting and preparing samples are dis-
cussed and some protocols described. Most were
devised and validated using flow cytometry, but
they should also be largely applicable to the newer
technique of laser scanning cytometry.

2.2 Factors affecting the choice of preparation
procedure

The key variables in any cytometric study are:

* the nature of the sample material and of the cells
to be studied

* the cellular component(s) or molecule(s) that

is(are) to be assayed

the label(s)/probe(s) that is(are) to be used, and

hence the signal(s) that is(are) to be detected.

All of these factors must be taken into account when

considering how best to collect and prepare

samples. A protocol that is satisfactory for one par-

ticular combination may not be suitable if applied

to a different type of sample or if used to assay a

different component.

Desmond A. McCarthy

Queen Mary and Westfield College, London

2.2.1 The sample material and cells to be studied

Flow cytometers analyse the fluorescent and scat-
tered light arising from cells illuminated in suspen-
sion, whereas laser scanning cytometers analyse the
same parameters arising from cells illuminated on a
microscope slide. It is possible to analyse tissue
sections in the laser scanning cytometer, but in
most current applications, cells are deposited onto
the slide from a suspension. If the sample already
comprises cells in suspension, e.g. cultured cells or
peripheral blood, then it may be possible to process
and analyse it directly. However, if the cells to be
studied occur within a solid tissue, they must first be
dissociated and dispersed, as described in Section
2.4.

Flow cytometry usually requires ~0.5ml of a cell
suspension, which ideally has a concentrationin the
range 10° to 10° cellsml~!. Cell suspensions should
be free of tissue debris and large aggregates
(clumps) of cells in order to avoid clogging the flow
cell and tubing; if necessary, large particulates
should be removed by filtering or centrifuging prior
to analysis. Laser scanning cytometry is most effi-
cient when the cells are evenly distributed on the
slide and separated by one to two cell diameters.
Usually only approximately 10-20 pl of a suspen-
sion, containing approximately 2 x 10° cells ml™!, is
needed; however, larger volumes of less-concen-
trated cell suspensions can be also used, provided
that a sufficient cell density can be obtained on the
slide, e.g. by cytocentrifuging.

Dependent on the sample, the cells to be studied
may be either homogeneous or heterogeneous with

15
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respect to size and type. Flow cytometers can often
distinguish different cell populations in heterogen-
eous samples solely on the basis of their forward
and side light scattering characteristics. However,
laser scanning cytometers, which monitor only a
single (forward) light scatter component, are less
able to do so. A fluorochrome-labelled antibody that
is specific for a lineage or subset of cells, (e.g. CD45
antibodies for leukocytes; CD3 antibodies for T-
cells), or a mixture of fluorescent antibodies, can
sometimes be used to identify the cells of interest in
heterogeneous samples, but this strategy decreases
the number of fluorescence channels that can then
be used for other purposes. Clearly, analysis is more
efficient if the irrelevant cells can be removed from a
sample. Therefore, it is worth considering whether
samples can be enriched for the required cells,
either before or after labelling, without prejudicing
the aims of the study. Some methods that can be
used for cell enrichment/isolation are discussed in
Section 2.3.

When live cells are to be used, it needs to be
decided how they should be maintained. Converse-
ly, if fixed cells are to be used, it must be decided,
how, and at what stage in the preparation pro-
cedure, they should be fixed. These issues are dis-
cussed further in Sections 2.5 and 2.6, respectively.

2.2.2 The molecules to be assayed

Where the molecule that is to be assayed occurs
both inside the cell and on its surface, care needs to
be taken to ensure that only molecules in the
chosen location are detected. When detecting inter-
nal structures, it is often necessary to permeabilise
cells in order to permit the label or probe to enter
while still preserving the plasma membrane and cell
ultrastructure; techniques for permeabilising cells
are discussed in Section 2.7.

2.2.3 The label

Proteins and other biological molecules can be
labelled (covalently conjugated) with fluorescent
dyes in a way that enables them to retain their

biological activity. Such conjugates can then be
used to detect (both qualitatively and quantitative-
ly) the cellular constituents to which they bind;
examples of such reporter compounds include anti-
bodies, small ligands, substrate analogues, nucleic
acids and oligonucleotides. In addition, fluorescent
dyes are available that bind directly to cell constitu-
ents (e.g. to nucleic acids) or for which fluorescence
is sensitive to Ca%* concentration, oxidoreduction
state, or pH; the latter group can be used to report
on the intracellular environment. Labels will have
different physicochemical and biological proper-
ties, for example some will enter living cells freely
while others will normally be excluded. Also, many
will bind nonspecifically to structures other than
the intended target and measures may need to be
taken to reduce, or to account for, nonspecific bind-
ing. The principles underlying immunolabelling are
introduced in Section 2.8 and the wide variety of
fluorescent probes that are available and the pre-
cautions that must be taken when using them are
discussed in Ch. 3.

Once these issues have been clarified, it is poss-
ible to begin to compile a protocol so that the vari-
ous stages are compatible with each other and are
adequate to fulfil the requirements of the investiga-
tion. At the same time, the risks from potential bio-
logical and chemical hazards need to be assessed
and procedures devised to minimise them. In many
instances, these matters will already be the subject
of national and/or local guidelines or regulations,
which will need to be implemented (see Section
2.10).

2.3 Blood and bone marrow

For some diagnostic purposes, e.g. immuno-
phenotyping or DNA analysis, there are often re-
liable, well-established protocols already available,
the details of which can usually be found in
the guidelines produced by those organisations
responsible for maintaining standards in laboratory
medicine. For other purposes, there may be no con-
sensus, with the merits of different procedures be-
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ing the subject of on-going interlaboratory trials
and/or vigorous debate in scientific journals. In the
USA, the National Committee for Clinical Labora-
tory Standards (NCCLS), in the UK, the National
External Quality Assurance Scheme (NEQAS), and
in Europe, the European Working Group for Clinical
Cell Analysis (EWGCCA) publish guidelines for im-
munophenotyping peripheral blood lymphocytes.
In addition, a North American group (Shankey et al.,
1993) and the European Society for Cellular Analyti-
cal Pathology (ESACP) (Ormerod et al., 1998) have
published guidelines for the standardisation of DNA
analysis.

Blood is usually collected by venepuncture direc-
tly into a tube containing an anticoagulant (e.g.
Vacutainer, BD Biosciences; Monovette, Sarstedt;
Venoject, Terumo). Three anticoagulants, heparin,
K3EDTA (ethylenediaminetetraacetic acid, tripotas-
sium salt) and sodium citrate are commonly used
for hematological analysis; a fourth, acid-citrate
dextrose (ACD; 22.0g 1! sodium citrate
(Na3CH507.H,0), 8.0 g 17! citric acid, 24.5 g 1"! dex-
trose) is more often used for cytological analysis and
cell culture but has also been used for flow cytomet-
ric studies of platelet activation. However, a recent
study (Mody et al., 1999) has demonstrated that
samples taken into CTAD (sodium citrate, theophyl-
line, adenosine and diapyridamole; available as
Diatube-H® tubes, BD Bioscience) showed less
spontaneous platelet activation than those taken
into citrate. If collecting blood for studies of platelet
or leukocyte activation, it is worth discarding the
first 2 ml and replacing the Vacutainer to avoid col-
lecting blood that has been subject to stasis. Unfor-
tunately all anticoagulants have effects in addition
to preventing blood from clotting. Heparin enhan-
ces platelet activation and binds to platelets and
other cells, acting as a specific blocker of inositol
trisphosphate receptors and Ca®* transport ATPases
(see McCarthy and Macey (1996) for original refer-
ences). Preservative-free heparin (10-50 Uml™) is
preferred when leukocytes are to be used in func-
tional assays. K3EDTA and citrate-based an-
ticoagulants decrease the free Ca?* concentration of
plasma and consequently may affect the antigenic-
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ity of Ca?*-dependent epitopes and inhibit Ca®*-de-
pendent cell functions (Leino and Sorvajarvi, 1992;
McCarthy and Macey, 1993). However, they have
the advantage of decreasing platelet aggregation
and reducing the loss of polymorphs and mono-
cytes through adherence to the walls of the tube.
Where it is desirable to avoid the effects of the
common anticoagulants altogether, serine pro-
tease/esterase inhibitors such as leupeptin or ap-
rotinin can be used; however, these inhibitors, in
general, do not prevent clotting as effectively as do
the conventional anticoagulants. Therefore, when
using them, it is best to cool the sample to 4°C and
to wash the cells free of plasma or to dilute samples
into medium containing the inhibitor as soon as
possible after collection (McCarthy and Macey,
1996).

Once collected, blood will deteriorate; heparin
and ACD preserve cell morphology and light scatter
characteristics better than KsEDTA. If samples are
to be immunostained, it is preferable to do so im-
mediately and to keep the stained cells at 4°C, either
with or without fixation before analysis. When this is
not practicable, anticoagulated blood should be
stored at 4°C for subsequent analysis of those
markers that are susceptible to change, e.g. CD11b
on myeloid cells (Repo et al., 1993), or at ambient
temperature (20-25°C) for stable markers (Ashmore
et al., 1989; Hensleigh et al., 1983). Polypropylene
tubes and syringes are preferable to polystyrene or
glass for collecting and handling samples because
they minimise platelet and myeloid cell activation
and adherence.

Bone marrow is usually aspirated from the iliac
crest into medium containing heparin. It contains a
mixture of different cell types including hema-
topoietic cells, adipocytes, endothelial cells and fi-
broblasts, which contribute to the extracellular sup-
port structure and microenvironment needed for
hematopoiesis. Most aspirates also contain a cer-
tain amount of peripheral blood but it is impossible
to distinguish the origin of the cells (i.e. blood ver-
Sus marrow).

Mature non-nucleated erythrocytes constitute
the major cell population in both blood and bone
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marrow samples, and their high number tends to
slow the analysis of leukocytes. For this reason,
leukocytes are often isolated from blood (and to a
lesser extent from bone marrow) samples by density
gradient centrifugation (see Section 2.3.3) or by lysis
of erythrocytes (see Section 2.3.5). Platelets are also
present in blood in high number and, on activation,
can form aggregates that are similar in size to
leukocytes. If such aggregates are likely to interfere
with the analysis, platelets can be removed before
analysis by differential centrifugation. It is usual for
leukocytes to be isolated by density gradient centri-
fugation before immunolabelling but for eryth-
rocytes to be removed by lysis (and the leukocytes
fixed) after immunolabelling. If the cells of interest
are rare, it may also be an advantage to deplete the
sample of irrelevant cells (see Section 2.3.4). Unfor-
tunately, the techniques used for both leukocyte
isolation (Romeu et al., 1992) and erythrocyte lysis
(Macey et al., 1997) have the potential to cause
artefacts (see below). Consequently, live whole
blood procedures (Section 2.3.1) should be used
whenever it is important to maintain the numbers
of the different leukocyte classes, or of the lym-
phocyte subsets, or when it is necessary to quantify
accurately those antigens that may be upregulated
in vivo or are sensitive to reagents used for eryth-
rocyte lysis and leukocyte fixation (e.g. formic acid
and formaldehyde).

2.3.1 Live whole blood procedures

Mature erythrocytes and platelets can be distin-
guished from leukocytes in whole blood because
they lack nuclei and stain only weakly with the vital
nucleic acid dye LDS-751 (a styrl dye; Terstappen et
al., 1988). Leukocytes, which possess a nucleus, will
stain intensely with LDS-751 and also with
fluorochrome-labelled CD45, a pan-leukocyte anti-
body (McCarthy and Macey, 1993; Repo et al., 1993;
Terstappen et al., 1991). Nucleated erythrocytes,
which often occur in bone marrow samples and in
blood samples from newborn infants, resist lysis
and have light scattering properties similar to lym-
phocytes. They can be distinguished from lym-

phocytes because they will stain positively with
LDS-751 and anti-glycophorin antibodies but not
with CD45 antibodies (see Protocol 2.1). The advan-
tages of this procedure are that only small volumes
of sample and antibody are required and processing
is very quick (Macey et al., 1999); the disadvantage is
that the analysis is slowed by the presence of eryth-
rocytes. However, it is possible to speed the pro-
cessing by using two discriminators, one to elimin-
ate small forward scatter signals and the other to
remove weak or nonfluorescent events from the
analysis. Another dye with somewhat similar prop-
erties to LDS-751, and which can be used for the
same purpose, is DRAQ5 (see Ch. 3) (Smith et al,,
1999).

Protocol 2.1 Live whole blood procedure
(LDS-751 and direct immunostaining)

Reagents

* A saturated solution of LDS-751 in methanol can
be kept almost indefinitely in the dark at 4°C

* Hanks’ balanced salts solution (without phenol
red indicator) buffered with 10 mmol 1-! HEPES
(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesul-
phonic acid]), pH 7.3, containing 0.5% bovine
serum albumin (HHBSS-BSA)

Protocol

1. Incubate 10 pl anticoagulated blood with 2 pl of
FITC-conjugated and/or 2 pl PE-conjugated anti-
body at 4°C for 10 min.

2. Add 1ml of HHBSS-BSA containing 0.1% (v/v)
LDS-751 solution.

3. Keep at 4°C for 2-3 min to allow the LDS-751 to
penetrate and stain the leukocytes.

Analysis

1. Analyse by flow cytometry, displaying events first
in a plot of side light scatter (ordinate; linear
scale) and LDS-751 fluorescence intensity (ab-
scissa; logarithmic scale).
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set to exclude weakly staining cells (platelets and erythrocytes). (B) Secondary gates within R1, designated R2, R3 and R4, were

identified as containing neutrophils, moncytes and lymphocytes respectively on the basis of their surface antigens. (Reprinted
from Journal of Immunological Methods 163, McCarthy, D.A., Macey, M.G., A simple flow cytometric procedure for the

determination of surface antigens on unfixed leukocytes in whole blood, pages 155-60 (1993) with permission from Elsevier

Science.)

2. Erythrocytes and platelets will stain only weakly
and will occur in the first two fluorescence inten-
sity decades (Fig. 2.1A); they can be eliminated
from further analysis by setting a threshold on
LDS-751 fluorescence intensity and/or by setting
a gate to encompass all leukocytes (R1 in Fig.
2.1B).

3. Set a gate around the leukocytes of interest (e.g.
R2, R3 or R4 in Fig. 2.1B) and display these events
in a plot of side light scatter versus forward light
scatter to confirm the light scattering character-
istics of the cell population.

4. If it is satisfactory, the same events can be dis-
played also as a single-parameter histogram of
number of events (ordinate; linear scale) versus
fluorescence intensity (abscissa; logarithmic
scale).

5. Alternatively, a third gate can be set around the
cell population with the desired light scattering

characteristics and these events displayed in the
single-parameter histogram.

Note: LDS-751 (excitation/emission maxima, 543/712 nm) can
be excited at 488 nm and monitored in the FL3 channel of most
cytometers. The example given above used LDS-751 staining in
conjunction with direct immunofluorescence but other fluor-
escence probes (e.g. for Ca®* or 027) can be used provided that
their fluorescence can be monitored in the FL1 or FL2 channels
(e.g. Himmelfarb et al., 1992; Macey et al., 1998).

If the leukocyte count is high, for example in pathological
samples, blood should first be diluted in medium with an-
ticoagulant so that the leukocyte numbers fall within the nor-
mal range or an increased amount of antibody should be used
when immunolabelling.

When analysing those antigens that may be rapidly
modulated (e.g. by capping or by internalisation) 0.1% sodium
azide could be incorporated into the media used in steps 1 and
2.
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2.3.2 Procedures for leukocyte enrichment and
isolation

Samples can be enriched for leukocytes or the
leukocytes can be isolated from them in a number
of different ways. However, those procedures that
involve centrifuging can lead to selective cell losses,
while changes in temperature, centrifuging (Fearon
and Collins, 1983; Forsyth and Levinsky, 1990), or
the use of media containing trace amounts of bac-
terial lipopolysaccharide (Haslett et al., 1985) can
result in neutrophil activation. Only endotoxin-free
media should be used when studying neutrophils;
endotoxin contamination can be detected using the
limulus amoebocyte lysate test (Sigma) and, if
necessary, removed using endotoxin removal resin;
e.g. Acticlean Etox (Sterogene Bioseparations Inc.).
A comprehensive account of the methods available
for cell separation and isolation can be found in the
treatise by Recktenwald and Radbruch (1997); Rad-
bruch and Recktenwald (1995) discuss the detection
and isolation of rare cells.

‘Buffy coats’ and dextran sedimentation

There are two simple procedures by which samples
can be enriched for leukocytes for use subsequently
in functional assays or for immunolabelling. In the
first, anticoagulated blood is centrifuged for a short
time at low speed and the leukocytes recovered
from the interface (the buffy coat) between the
erythrocytes and plasma (Protocol 2.2). In the sec-
ond, anticoagulated blood is mixed with dextran
and the leukocytes recovered after the erythrocytes
have settled under gravity (Protocol 2.3). The advan-
tage of these procedures is that the leukocytes are
subject to the minimum of manipulation; however,
the preparations are invariably contaminated by a
small number of erythrocytes, which, if necessary,
can be removed by lysis (see below). However, even
these procedures can lead to neutrophil and mono-
cyte activation (Macey et al., 1992, 1995).

Protocol 2.2 Preparation of ‘buffy coat’

leukocytes

1. Centrifuge anticoagulated blood at 200 x g for 10
min at room temperature or at 4°C.

2. Erythrocytes will settle at the bottom of the tube
and leukocytes will form a band between them
and the platelet-rich plasma above.

3. Carefully remove the leukocytes.

4. Depending on the study, the leukocytes can be
resuspended in either the supernatant plasma or
in autologous plasma from which platelets have
been removed by centrifuging at 400 x g for 20
min, or in medium such as RPMI 1640 (Roswell
Park Memorial Institute 1640, a cell culture me-
dium) containing 5% heat-inactivated fetal bov-
ine serum (FBS).

Protocol 2.3 Preparation of leukocytes by

dextran sedimentation

1. Mix 8 ml anticoagulated blood with 2 ml of sterile
nonpyrogenic dextran (Hespan; DuPont) in a
10 ml plastic syringe that has been fitted with a
wide bore (e.g. 19 gauge) needle that has its pro-
tective cover still in place.

2. Leave the syringe in a vertical position at 37°C for
45-60 min, or until the erythrocytes have visibly
settled leaving a turbid upper layer.

3. Holding the syringe in one hand and grasping the
protective cover of the needle in the other, lift the
cover clear of the hub of the needle and gently
bend the shaft of the needle through about 90°.

4. Remove the needle cover completely, then by
slightly tilting the syringe and gently pressing the
plunger, deliver the leukocyte-enriched plasma
into a centrifuge tube, leaving the erythrocyte
layer behind in the syringe.

5. If it is necessary to remove the dextran, wash the
leukocytes twice with 10ml and resuspend in
1-2 ml of required medium. The medium chosen
will depend on the particular study envisaged but
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Table 2.1 Commercial leukocyte isolation reagents

Name Supplier Comments

Histopaque Sigma Polysucrose plus sodium diatrizoate: density 1.077 and 1.119 g ml~}, for
mononuclear cell or polymorph and mononuclear cell isolation

Histoprep Sigma Ficoll® plus metrizoic acid: density 1.077 g ml~! for mononuclear cell isolation

Lymphoprep Nycomed Polysucrose plus sodium metrizoate: density 1.077 g ml~}, for mononuclear cell

isolation
Mono-Poly resolving ICN
medium isolation

Ficoll®-Paque PLUS Pharmacia

Ficoll®-~Hypaque: density 1.114 g ml~!, for polymorph and mononuclear cell

Ficoll® plus sodium diatrizoate and Ca®*EDTA: density 1.077 g ml™! for

mononuclear cell isolation

LymphoSep™ Organon-Teknika
Lymphocyte Separation ICN isolation
Medium

LeucoPREP™ BD Biosciences

Ficoll® plus sodium metrizoate: density 1.077 g ml~!, for mononuclear cell

Ready filled tubes for mononuclear cell isolation: composition not disclosed

RPMI 1640 with 5% FBS or HHBSS-BSA would be
suitable for many purposes.

2.3.3 Leukocyte isolation by density gradient
centrifugation

Density gradient centrifugation can be used to iso-
late leukocytes from blood and bone marrow
samples but it can give variable/selective recovery
of lymphocytes (Tamul et al., 1995) and is therefore
not recommended for immunophenotyping. Two
different density gradient media, iodinated aro-
matic compounds originally produced as X-ray con-
trast media and polyvinylpyrrolidone-coated silica
gel particles, are commonly used to isolate blood
cells (for a review, see Boyum et al., 1991).

Hypaque (Histopaque, Isopaque) and Nycodenz

Two slightly different protocols can be used. One
enables only mononuclear cells (lymphocytes and
monocytes) to be isolated (Protocol 2.4), whereas
the other enables both polymorphs and mononuc-
lear cells to be isolated (Protocol 2.5). A variety of
reagents are commercially available (Table 2.1) un-
der different names but they are usually mixtures of
Ficoll® (a dextran polymer) and an X-ray contrast

medium such as sodium diatrizoate, meglumine
diatrizoate and metrizamide (supplied as Hypaque,
Histopaque, or Isopaque, respectively) or
Nycodenz. Ficoll® promotes erythrocyte aggrega-
tion, while the contrast media increase the osmolar-
ity and density of the solution. The high osmolarity
causes more rapid shrinkage of erythrocytes than of
leukocytes, thereby increasing their density and fa-
cilitating their preferential sedimentation (Bignold
and Ferrante, 1987; McCarthy et al., 1984). By ad-
justing the density and osmolarity of the medium,
the different leukocyte classes can be sedimented to
different depths in the centrifuge tube (Boyum et
al., 1991; Rickwood, 1983). Protocols using a single
layer of medium are routinely used for isolating
lymphocytes but protocols using either a single
layer or two layers of different densities can be used
for isolating polymorphs (Fig. 2.2). When using
these Ficoll®~Hypaque layers to isolate leukocytes
from pathological samples with low mean corpus-
cular hemoglobin concentrations, the erythrocytes
often fail to sediment. If necessary, the osmolarity
and density can be adjusted in order to obtain satis-
factory separations (Ferrante and Thong, 1980; Mc-
Carthy et al., 1984; Needham, 1987). Alternatively,
rouleaux formation (which favours erythrocyte
sedimentation) can be encouraged using an anti-
erythrocyte antibody (Red-Out; Robbins Scientific).
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Fig. 2.2 Ficoll®-Hypaque single- and two-layer systems for the isolation of blood leukocytes. (A and B) The isolation of

mononuclear cells; (C and D) the simultaneous isolation of mononuclear cells and granulocytes. (A and C) The tube contents

before centrifuging; (B and D) the positions of the leukocytes and erythrocytes after centrifugation.

When isolating polymorphs, it is worth noting that
the yield and purity can be improved if the height of
the blood column is maximised during the first cen-
trifugation and if the cells are centrifuged a second
time over the density gradient medium (Ferrante
and Thong, 1980; McFaul, 1990). It is essential to
wash the cells thoroughly to reverse the shrinkage
caused by the high osmolarity of the solutions.

For high-risk samples it is possible to obtain
VACUTAINER® CPT™ tubes (BD Bioscience),
which are evacuated tubes containing either so-
dium citrate or sodium heparin anticoagulant, a
separation gel and a Ficoll®/density gradient liquid.
Blood collected directly into the tube is centrifuged

as usual and at the finish, the separation gel forms a
stable barrier separating the mononuclear cells
from the erythrocytes and granulocytes.

Protocol 2.4 Isolation of blood mononuclear cells

on Ficoll®>-Hypaque

1. Place 3 ml Histopaque 1.077 gml™! into a 10ml
plastic centrifuge tube and carefully overlay with
3 ml anticoagulated blood diluted 1 : 1 with phos-
phate-buffered saline (PBS; 154 mmol 1! NaCl,
1.54 mmol 1! KH,PO,4, 2.7 mmol 17! Nay,HPO,,
pH 7.4).
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curve constructed by monitoring the sedimentation of density marker beads under the same conditions indicated that
erythrocytes, polymorphonuclear leukocytes and lymphocytes had densities of 1.10, 1.084 and 1.07 g mlI™! respectively, under

iso-osmotic conditions. (Redrawn from Pertoft et al., 1979.)

2. Centrifuge at 400 x g for 30 min at room tempera-
ture (20-23°C).

3. Erythrocytes aggregate and, together with the
polymorphs, sediment into the Histopaque;
mononuclear cells band at the interface between
the plasma and the Histopaque, and platelets, for
the most part, remain in the plasma layer.

4. Remove the mononuclear cells with a pipette
and wash twice by centrifuging with 10 ml me-
dium (e.g. RPMI with 5% FBS or 10 mmol 17!
HHBSS-BSA at 400 x g for 5 min.

5. Resuspend in 1 ml medium.

Protocol 2.5 Simultaneous isolation of
polymorphs and mononuclear cells on
Ficoll®>-Hypaque

1. Place 3 ml Histopaque 1.119 gml™! into a 10ml

\S]

plastic centrifuge tube; carefully overlay with
3 ml Histopaque 1.077 gml~! and then with 3ml
anticoagulated blood diluted 1 : 1 with PBS.

. Centrifuge at 700 x g for 30 min at room tempera-

ture (20-23°C).

. Erythrocytes aggregate and sediment into the

Histopaque; polymorphs band at the interface
between the two Histopaque layers, and mono-
nuclear cells band at the interface between the
plasma and the uppermost Histopaque layer.
Most of the platelets remain in the upper
(plasma) layer.

. Remove the bands separately with a pipette and

wash the cells twice by centrifuging with 10 ml of
medium (e.g. RPMI with 5% FBS or 10 mmol 1!
HHBSS-BSA at 400 x g for 5 min.

. Resuspend the cells from each band in 1 ml me-

dium.
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Percoll®

Percoll® is the trade name for a polyvinylpyr-
rolidone-coated colloidal silica preparation (with a
mean particle diameter 21-22 nm) that will form a
density gradient when it is centrifuged in solution.
Its advantage over Ficoll®-Hypaque is that gradi-
ents of appropriate density for separating blood
cells can be formed while still maintaining iso-os-
motic conditions (Fig. 2.3). If diluted blood is centri-
fuged on preformed Percoll® density gradients, all
of the different blood cells can be separated (Pertoft,
1979). However, the procedures are lengthier and
more complicated than density centrifugation using
X-ray contrast media and for most purposes offer
little advantage. At present, the main use for Perco-
11® density gradient centrifugation is in isolating
monocytes from mononuclear cell preparations
that have been produced first by Ficoll®>~-Hypaque
centrifugation (Denholm and Wolber, 1991).

2.3.4 Positive or negative selection of cell
populations

Where the cells of interest are rare, e.g. CD34* stem
cells in peripheral blood, it may be profitable to
remove defined but irrelevant cells from the sample
by negative immunoselection (Fig. 2.4), or to re-
cover the required cells by positive immunoselec-
tion. There are a number of different ways in which
this can be done, for example, by immunoag-
glutination and sedimentation, by immunoaffinity
column chromatography or with immunomagnetic
beads (Vettese-Dadey, 1999). For laboratories that
regularly need to enrich samples, or where 90-95%
purity by simple depletion alone is satisfactory for
experimental purposes, an automated im-
munomagnetic ‘pre-sorter’ is available commer-
cially (autoMACS Pre-Sorter; Miltenyi Biotec Inc.).
Details of some of the commercially available re-
agents and kits that can be used for this purpose are
given in Table 2.2.

2.3.5 Erythrocyte lysis procedures

Erythrocytes can be removed from whole blood or

leukocyte preparations by hypotonic lysis with
water (Protocol 2.6), by isotonic lysis with am-
monium chloride (Protocol 2.7), or by damaging
their membanes with saponin (Protocol 2.8). None
of these procedures will remove nucleated red cells;
moreover, it is rare to achieve 100% lysis of mature
erythrocytes in whole blood, and the remaining
leukocytes are often contaminated with erythrocyte
‘ghosts’. These procedures do not seem to affect the
majority of surface antigens on leukocytes and have
been used on many occasions to prepare leukocytes
for use in functional assays. Treatment with am-
monium chloride results in acidification and then
alkalinisation of the cytoplasm of the unlysed
leukocytes, which may be inappropriate for some
functional assays. It would be prudent, therefore, to
check the effects of lysing agents on leukocytes that
have been isolated by other methods. A number of
reagents for lysing erythrocytes without also fixing
leukocytes are available from commercial sources
(Table 2.3).

Protocol 2.6 Distilled water lysis of erythrocytes
1. Mix 1ml anticoagulated blood with 9ml de-
ionised water at room temperature for 15-30s.

2. Add 10ml of a twofold concentrated medium,
e.g. RPMI with 10% FBS, to restore the tonicity.

3. Collect the leukocytes by centrifuging at 400 x g

for 5 min at room temperature.
4. Resuspend in 1 ml medium.

Protocol 2.7 Ammonium chloride lysis of

erythrocytes

1. Make the lysing solution, which is 154 mmol 1!
NH,4C], 10 mmol 1"} NaHCO3, 0.1 mmol 1”1 EDTA,
pH 7.3 by adding 0.826 g NH4Cl, 0.1 g NaHCOs,
0.0037g NasEDTA to 100ml de-ionised water
and adjusting the pH to 7.3 with HCI or NaOH as
necessary. The solution should be prepared daily
or kept sterile because absorption of atmos-
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Table 2.2 Reagents for the negative selection of leukocyte populations

Brand name

Manufacturer

Comments

Rapid one-step isolation of T-cells and hematopoietic stem cells by antibody-mediated

Isolation of T-cells or T-cell subpopulations by negative selection through a column

Negative selection of antibody-labelled cells by binding to nonporous beads coated with
goat anti-mouse antibody or streptavidin and centrifugation

Positive or negative selection using 1 pm diameter magnetic particles coated with
second antibodies, e.g. anti-fluorescein, streptavidin, etc.

One-step negative selection using tetrameric antibody complexes bound to colloidal
magnetic dextran iron, which are retained in a magnetic column

Tetrameric antibody complexes are used to link unwanted cells to erythrocytes in the
sample and the rosettes removed by centrifugation on Ficoll®>~Paque

Protein (e.g. streptavidin, Protein A)-coated super-paramagnetic or nonmagnetic

Streptavidin-coated super-paramagnetic 1 pm diameter microspheres
Magnetic beads of diameter 2 or 4 um retained in a tube

PrepaCyte™ BioErgonomics Inc.
agglutination of other components
ActiCyte™ BioErgonomics Inc.  Isolation of leukocytes for in vivo culture
cellect™ and Cytovax
cellect™eplus containing a glass bead matrix
ACT-CES™ Micra
BioMag® Polysciences
StemSep StemCell
Technologies
RosetteSep StemCell
Technologies
ProActive® Bangs Laboratories
microspheres
SeraMag™ Serva
Dynabeads Dynal
MACS BD Biosciences,

Miltenyi Biotech

Magnetic activated cell sorting: using direct or indirect positive or negative
immunoselection with antibody-coated 50 nm diameter magnetic microspheres

pheric CO, produces ammonium carbonate,
which will not lyse erythrocytes.

2. Add 1ml anticoagulated blood to 15ml lysing
solution and gently mix at room temperature for
3-5 min until the originally turbid suspension
has become clear.

3. Centrifuge at 400 x g for 5 min.

4. Resuspend the leukocyte pellet and wash twice
by centrifuging in 15 ml HHBSS-BSA at 400 x g for
5 min.

5. Resuspend in 1 ml HHBSS-BSA.

Protocol 2.8 Saponin lysis of erythrocytes

1. Add 1 ml of anticoagulated blood to 2 ml of a pre-
cooled (4°C) 1% solution of saponin (Sigma) in
de-ionised water in a centrifuge tube and mix
thoroughly and leave on ice for 5.

2. Add 10 ml of PBS.

3. Cap the tube and invert it intermittently over the

next 30-40s until the originally turbid suspen-
sion has cleared.

4. Collect the leukocytes by centrifuging at 400 x g
for 5 min at room temperature.

5. Resuspend in 1 ml medium.

2.3.5 Lysed whole blood procedures (erythrocyte
lysis and leukocyte fixation)

When it is important to preserve the immunostain-
ing and distribution of leukocyte numbers present
in vivo, leukocytes can be stained in whole an-
ticoagulated blood, the erythrocytes removed by ly-
sis and the leukocytes post-fixed; this method is
known as the ‘lysed whole blood’ procedure (Proto-
col 2.9). The labelled and fixed leukocytes can be
analysed immediately or up to several days later if
they are kept in the dark at 4°C. A number of manu-
facturers offer kits for this purpose (Table 2.4)
in which different reagents are used to lyse
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Fig. 2.4 Negative selection principle. Unwanted cells (solid) in
a cell suspension are labelled with a cocktail of antibodies
bound to magnetic colloid beads (A and B). Passing the cell
suspension through a column surrounded by a magnet traps
the unwanted cells and allows the unlabelled required cells to
be collected.

erythrocytes but the leukocytes are always fixed,
either simultaneously or subsequently, with formal-
dehyde. Those procedures that only require the re-
agents to be added sequentially can be automated,
as is done for example in the Coulter Immunotech
TQ-PREP™ system. Unfortunately, the reagents
used for erythrocyte lysis and/or leukocyte fixation
may alter the apparent expression of certain epi-
topes if they are sensitive to acid or formaldehyde
(Macey et al., 1997, 1999; McCarthy et al., 1994).
Furthermore, cells that are kept in formaldehyde
become increasingly permeable and if the antibo-
dies used for labelling have not been removed by
washing they may subsequently bind specifically
and/or nonspecifically to internal components. The

particular method chosen for lysing erythrocytes
can have a marked effect on immunophenotyping
results and some may be more suitable for given
applications than others (Bossuyt et al., 1997).

Protocol 2.9 Lysed whole blood procedure with

direct immunostaining

1. Incubate 100 pl anticoagulated blood with 20 pl
fluorochrome-conjugated antibody at 4°C for 10
min.

2. Process the stained blood using one of the re-
agent kits listed in Table 2.2, in accordance with
the supplier’s instructions.

3. Analyse by flow cytometry, displaying events first
in a plot of side light scatter (ordinate; linear
scale) and forward light scatter (abscissa; linear
scale).

4. Set a gate around the leukocytes of interest and
display these events as a single-parameter histo-
gram of number of events (ordinate; linear scale)
versus fluorescence intensity (abscissa; logarith-
mic scale) (Fig. 2.5).

2.4 Preparation of cell suspensions from solid
tissues and cell cultures

Cell suspensions can readily be prepared from
monolayers of cultured cells, e.g. human umbilical
vein endothelial cells, by the dissociation pro-
cedures used when passaging cells (see below).
They can also be prepared from solid mammalian
tissues by disrupting cell-cell junctions and/or the
interactions between cells and the intercellular
matrix. Depending on the tissue concerned, this
may be achieved by enzymic treatment and/or
mechanical means. Mechanical disaggregation
alone is really only suitable for those tissues in
which the cells are loosely bound, e.g. bone marrow,
spleen and lymph nodes. It is much less effective for
tissues in which cells are tightly bound, and en-
zymes are normally used instead to disrupt the
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Table 2.3 Commercial erythrocyte lysis reagents without fixative

Brand name Manufacturer

Stated components/comments

IQ Lyse 1Q Products
Lysing buffer Immunicon
Quicklysis Cytognos
Red blood cell lysing buffer ~ Sigma

VitaLyse™
Whole blood lyse kit

BioErgonomics Inc.
R & D Systems

Not disclosed

Ammonium oxalate pH 7.75, with additives

Not disclosed

Ammonium chloride, tris-HCI

Not disclosed, subsequent use of fixative optional
Not disclosed

Table 2.4 Commercial erythrocyte lysis and leukocyte fixation reagents

Brand name Manufacturer Stated components/comments Time (min)
FACS™ Lysing BD Biosciences Formaldehyde, diethylene glycol, buffer 30
Solution
Immuno-Lyse Beckman Coulter  Not disclosed ~ 10
Immunoprep Beckman Coulter  Formic acid, buffer, formaldehyde 1.5
LF-1000 Lyse and  Harlan Formaldehyde, diethylene glycol, buffer 30
Flow
Lyse and Fix IOTest Beckman Coulter  Lysing agent (not disclosed) and formaldehyde ~ 15
OptiLyse C Beckman Coulter  Formaldehyde, diethylene glycol, buffer 15
Uti-Lyse Dako Formaldehyde, buffer 20
Q-lyse™ BioErgonomics Separate lysing agent (not disclosed) and fixative (formaldehyde) 30
Erythro-Lyse™ ICN Lysis at physiological pH, fixative included (use optional) 20
Cal-Lyse Caltag Formaldehyde 25 (no wash) or
30 (with
washing)
Whole blood lyse kit R & D Systems Not disclosed 20

bonds that bind cells to the extracellular matrix and
to each other (Protocol 2.10). Proteases, e.g. trypsin,
collagenase, elastase and, more recently, dispase (a
neutral metalloprotease with a mild action), and
enzymes that hydrolyse the extracellular matrix, e.g.
hyaluronidase and lysosyme, are commonly used to
separate cells. Chelating agents (K3sEDTA or citrate)
are often included in order to remove Ca®* and
Mg?*, which are essential for matrix stability and
cell-matrix interactions, but these alone will not
liberate cells (Protocol 2.11). They can be used in
conjunction with trypsin but not collagenase be-
cause activity of the latter is Ca?* dependent.
DNAase is often included to prevent cell-cell aggre-
gation, which might otherwise be induced by the
DNA released from damaged cells.

The aim is to obtain a good yield of cells, while
simultaneously preserving the plasma membrane
and intracellular components. If proteases are used,
the possibility that they will cleave, and thereby
alter the antigenicity of, cell surface glycoproteins
must always be borne in mind. The viability of the
dispersed cells obtained from solid tissue is gen-
erally higher following enzymic than mechanical
dissociation, but the former can lead to selected
losses of certain cell populations. If cell suspensions
are to be used for flow cytometry, they should be
filtered through nylon mesh, or single cells re-
covered by density gradient centrifugation (e.g. on
Ficoll®-Hypaque), to avoid blocking the flow cell. As
there are few comparative studies of the merits of
different dissociation procedures (Visscher and
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the whole live blood procedure. The histogram is produced by gating on a region similar to that denoted R1 in Fig. 2.1B. (B-F)
Distributions obtained when cells were prepared using the ImmunoPrep (Beckman Coulter), OptiLyse C (Beckman Coulter),
LF-1000 Lyse and Flow (Harlan Sera-Lab), Utilyse (Dako) and FACS™ Lysing Solution (BD Biosciences) reagents, respectively.
(Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc., from Macey, M.G., McCarthy, D.A. Newland,
A.C. (1997) The Q-Prep system: effects on the apparent expression of leukocyte cell surface antigens. Cytometry (Communications

in Clinical Cytometry) 30, 67-71.)

Crissman, 1994), it is advisable to monitor the prod-
ucts by both cytometry and microscopy to confirm
that the cells are representative of the original tis-
sue, a factor that is of particular importance when
sampling heterogeneous tumours. A mechanical
tissue disaggregation system, designed specifically
for preparing samples for flow cytometry, is avail-
able commercially (Medimachine System; BD Bio-
sciences). It would be particularly useful where

solid tissue samples are frequently analysed as it
facilitates standardisation and removes variability
in processing technique.

Protocol 2.10 Disaggregation of solid tissues
1. Collect body tissues into 10ml RPMI 1640
medium containing penicillin/streptomycin
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(0.1 ml of a 100-fold concentrate). Keep at 4°C
until used; no more than 6 h later because of
autolytic deterioration.

2. Place approximately 100 mg* into a Petri dish
containing 5 ml of RPMI medium as above.

3. Chop into small pieces with a scalpel fitted with
anumber 20 blade or by using a Mcllwain tissue
chopper.

4. Resuspend the pieces in 5 ml medium and dis-
rupt further by pipetting up and down using a
plastic pipette, e.g. Pastette, being careful to
avoid foaming.

5. As an alternative to chopping, cells can be
scraped from the surfaces of the tissue using a
scalpel blade; or the processing can be done in
the Medimachine System (see text).

6. Collect the liberated cells and remaining tissue
fragments by centrifuging, and resuspend these
in 1ml of RPMI 1640 containing collagenase
type II (0.5 mgml™), trypsin or dispase (2.5
mgml™!) and DNAase I (20 pgml™) (protocol
based on that described by Visscher and Criss-
man, 1994).

7. Incubate at 37°C for 1 h on a rocking platform or
in a shaking water bath. Add 2 ml FBS to stop
further proteolysis.

8. Allow larger fragments to settle, then remove
the supernatant through a nylon mesh or
micropore filter to remove any remaining cell
aggregates and debris. The pore size to be used
will depend on the sample, but typically would
be in the range 35-100 pm; e.g. nylon mesh
marketed as ‘CellMicroSieve’ in pore sizes
ranging from 5-200 pum is available from
BioDesign.

9. Wash the cells twice by centrifuging at 300 x g
for 5-10 min in ~15ml medium containing 10%
FBS.

10. Resuspend in 1 ml medium.

*The amount of tissue may need to be varied in order to obtain
asufficient cell yield, and the constituents of the enzyme cock-
tail may need to be optimised for different tissues.
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Protocol 2.11 Cell suspensions from

anchorage-dependent cells

1. Remove culture medium.

2. Wash monolayer with PBS without Ca®* and
Mg?*,

3. Add trypsin/EDTA (0.1% and 0.2%, respectively)
in PBS.

4. Resuspend and wash the cells by centrifuging at
300 x g for 5-10 min in ~15ml of PBS containing
10% FBS to stop further trypsin action.

5. Resuspend in 1 ml medium.

2.5 Live samples

Itis clearly necessary to use living cells when assess-
ing functional capabilities such as phagocytic abil-
ity or responses to agonists in vitro, but there are
also good reasons to use live cells when attempting
to assess functional characteristics such as the sur-
face expression of adhesion molecules. In both situ-
ations, the aim is to maintain the cells in a state
which matches, as closely as is possible, that found
in vivo. The choice of solution environment (or me-
dium) is, therefore, dictated by the nature of the
sample, but it will usually be a buffered physiologi-
cal salts solution, to which has been added some
extraneous protein. Commonly used media include
Hanks’ balanced salts solution, Tyrode’s solution
and tissue culture media such as RPMI 1640. How-
ever, when using tissue culture media it is import-
ant to use only solutions that do not contain an
indicator dye such as phenol red. If cells are to be
maintained in media for a long time, it is probably
best to use a carbonate-bicarbonate buffer in equi-
librium with a 5% CO, atmosphere. Otherwise the
pH can be maintained with one of the Good’s buf-
fers, such as HEPES, which have the advantage over
the traditional inorganic and organic buffer sol-
utions, in that the components are charged and do
not enter cells. A buffer concentration of 10 mmol
I"! is normally adequate to maintain the pH of a
solution containing cells, at the density used for
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cytometric analysis, for several hours. The added
protein may be essentially ‘inert’ and for this pur-
pose 1-5% BSA or 5-10% human serum or FBS are
frequently used. In other situations, the added pro-
tein may deliberately also contain some ‘activity’,
e.g. when immune serum is used as a source of
specific antibodies. Whatever the source, it will
saturate any nonspecific protein-binding sites and
act as a target for any free radicals that might be
produced, e.g. by phagocytic cells. When assessing
surface antigens on live leukocytes it must, of
course, be remembered that some surface antigens,
for example CD14, CD16, CD32, CD62L, tumour
necrosis factor-a, are subject to cleavage by serum
and/or endogenous enzymes, which may be ac-
tivated by antibody or receptor binding (Bazil,
1995). A major advantage of using live cells in im-
munolabelling studies is that they bind lower levels
of antibodies in a nonspecific manner than do fixed,
or dead, cells.

2.6 Fixed samples

2.6.1 Fixation techniques and potential artefacts

Fixation is clearly not appropriate for functional
studies but has been used extensively in conjunc-
tion with immunolabelling for phenotypic analysis.
There are many potential advantages to fixing cells
at some stage during the preparation procedure.
Cells in samples that are fixed soon after collection,
and prior to labelling, are theoretically not subject
to inadvertent postcollection changes (e.g. the up-
regulation of adhesion molecule expression on pe-
ripheral blood neutrophils) that might otherwise
occur in vitro. Moreover, they can often be pro-
cessed later, at a perhaps more convenient time.
However, fixation before labelling also has some
drawbacks. Most important is the likelihood that
antigenicity will be altered (usually diminished),
leading to decreased antibody binding or even false-
negative results. In addition, the ‘signal to noise’
ratio can be decreased because the nonspecific
binding of antibodies is increased.

When contemplating the use of fixatives, it is as
well to understand their mode of action. All
commonly used fixatives cause chemical changes in
nucleic acids and proteins that result in conforma-
tional changes which can alter, or abolish, anti-
genicity. In general, antigenicity is lost progressively
with increasing concentration of fixative and in-
creasing time of fixation, while ultrastructural integ-
rity is increasingly preserved. Consequently, the
conditions chosen for fixation are always a compro-
mise between preserving ultrastructure and losing
antigenicity. There are two main types of fixative:
protein precipitants/coagulants and cross-linking
agents. Alcohols and acetone are precipitating or
coagulating fixatives. Traditional cross-linking fixa-
tives include the aldehydes such as formaldehyde,
but new bifunctional molecules initially developed
for protein biochemistry studies are increasingly
being used. Dialdehyde fixatives such as glutaral-
dehyde, which is widely used in electron micro-
scopy, are successful because they form cross-links
almost as rapidly as they form adducts. However,
they cause a high background autofluorescence,
which makes them unsuitable for many cytometric
applications. The newer carbodiimide cross-linking
reagents act by linking carboxyl to amino groups
through amide (peptide) bond formation. Although
not yet widely used, they have the advantage of
producing only low background fluorescence.

2.6.2 Alcohols and acetone

Alcohols and acetone compete with water mol-
ecules for hydrogen bond formation and cause pro-
teins to precipitate in situ but do not fix nucleic
acids or carbohydrates, which can leach out from
cells. Membrane lipids are solubilised and extrac-
ted; consequently organelles and ultrastructure are
usually poorly preserved and cells are per-
meabilised. Their effects on proteins result in a
marked increase in the refractive index of the cytop-
lasm, which rises from about 1.35 in living cells to
about 1.5. Since the intensity of light scattering is a
function of the difference in refractive index be-
tween the medium (isotonic saline has a refractive
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index of ~1.355) and the cell, this enhances the
signal and, in flow cytometry at least, can improve
the discrimination between different cell types.
Despite causing these artefacts, coagulant fixatives
are useful for detecting high-molecular-weight anti-
gens or structural proteins by light immunomicros-
copy. Ethanol is a poor fixative for most cells but
methanol at -20°C is a better fixative and is
commonly used for blood, bone marrow and cell
suspensions obtained by tissue disruption. A signifi-
cant problem with these fixatives is their tendency
to cause cell-cell aggregation and to cause cells to
stick to the walls of plastic tubes. Acetone (but not
80% acetone in water) will also dissolve tubes made
from polystyrene.

2.6.3 Formaldehyde

Formaldehyde (CHO, boiling point -21°C) is a
water-soluble gas at room temperature and is
commonly available as commercial formalin (a 37—
40% aqueous solution of formaldehyde containing
<0.05% formic acid and 10-15% methanol to pre-
vent polymerisation). These additives make it un-
suitable for cytometry and ultrastructural cytology.
Paraformaldehyde is a polymerised form of formal-
dehyde that is solid at room temperature but which
will dissolve slowly in aqueous solution at neutral
pH. Formaldehyde solutions can be prepared from
it (by heating at 60°C for ~1 h to overnight); when
fresh, they are free of additives and polymers. Alter-
natively, an electron microscopy grade of formalde-
hyde can be purchased that is free of additives (and,
when new, also of polymers). Formaldehyde in
aqueous solutions gradually polymerises; conse-
quently its effective concentration decreases with
time. For this reason, working strength formalde-
hyde-containing solutions are best made fresh
when required; they should be stored only for short
periods (<7 days) and at room temperature.
Formaldehyde is the simplest monoaldehyde and
reacts by covalent addition to most biological mac-
romolecules (French and Edsall, 1945). There are a
variety of target groups and the reactions are quite
complex, but probably the most important targets
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are the free amino groups found on the amino acids
in proteins and on the bases in nucleic acids. Ad-
duct (hemiacetal) formation is rapid; where
hemiacetal derivatives are in close proximity,
methylene bridges will form slowly by condensation
reactions and this will cross-link macromolecular
structures. Formaldehyde is also a good fixative for
lipids, especially if divalent cations (Mg?* or Ca®*)
are present. It usually leaves the carbohydrate moie-
ties of cell surface glycoproteins unchanged but of-
ten affects the antigenicity of surface and intracellu-
lar proteins; it also increases cell autofluorescence
and adversely affects subsequent DNA staining.

For most samples, fixation is best done at room
temperature, or at 37°C, because fixation is gen-
erally poorer at 4°C. Samples are usually best
washed free of extraneous proteins, e.g. serum, be-
fore fixation with formaldehyde. If this is impracti-
cable, it may be necessary to increase the formalde-
hyde concentration. After mild fixation with
formaldehyde (e.g. 0.2% for 4 min at 37°C), cells
often show increased permeability to small mol-
ecules but remain impermeable to large molecules
such as antibodies (McCarthy and Macey, 1993).
Stronger fixation leads to the formation of blebs in
the membrane, which can detach and give rise to
cell fragments in the sample and to a greater degree
of membrane permeabilisation. Consequently,
when immunolabelling formaldehyde-fixed cells, it
must be borne in mind that both surface and inter-
nal structures may be accessible to the antibody
used. Before immunolabelling, it is also essential to
remove excess formaldehyde by washing and to
block any free aldehyde groups by quenching with a
source of amino groups such as glycine, otherwise
high nonspecific binding might result.

2.6.4 Postfixation

Surface antibody binding can be preserved by wash-
ing the immunostained cells free of extraneous pro-
tein and storing them in 1% formaldehyde in PBS.
Fixation under these circumstances will eventually
cross-link the antibody molecules to neighbouring
structures and prevents loss of the fluorescent label.
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If only mild fixation, sufficient to inhibit metabolic
or energy-dependent changes but insufficient to re-
sult in extensive cross-linking, is required, the cells
can be washed free of formaldehyde after 10 min by
centrifuging in PBS. Fixative solutions are often
commercially available as separate reagents within
erythrocyte lysis and leukocyte fixation kits (see
Table 2.4) or may be obtained separately, e.g. Stabil-
Cyte™ (BioErgonomics).

2.7 Permeabilisation techniques for
immunolabelling intracellular components

In many areas of research, it is becoming increas-
ingly important to be able to detect and/or quantify
not only cell surface but also intracellular antigens
including structural components (e.g. filamentous
actin), enzymes (e.g. nuclear terminal deoxynuc-
leotidyl transferase), regulatory and transcription
factors (e.g. cyclins, p53) and glycoproteins des-
tined for export or secretion (e.g. cytokines). Antibo-
dies are quite large macromolecules and, therefore,
do not enter cells readily. Consequently, if internal
components are to be immunolabelled, the plasma
(and perhaps organelle) membranes must be per-
meabilised, either prior to or simultaneously with
intracellular immunostaining. At the same time, the
target antigen must be prevented from diffusing out
of the cells while its reactivity and the light scatter-
ing characteristics of the cells are preserved. For
these reasons, it is usual to fix cells with formalde-
hyde to stabilise the membranes (which alone will
permeabilise cells; see above) and, in addition, to
treat them with permeabilising agents such as
saponin, lysolecithin or a non-ionic detergent; with
blocking agents such as glycine, BSA or recon-
stituted non-fat dried milk powder (to minimise
nonspecific binding); and sometimes also with a
coagulative fixative such as methanol if the cells are
also to be stained for nucleic acids. High non-
specific intracellular background staining is a
commonly encountered problem. Therefore, the
permeabilisation process, which is highly depend-
ent on reagent concentration, exposure time and

temperature, must be optimised for each applica-
tion.

Saponins are cholesterol-like sugar-containing
compounds produced by several plants in which
they are thought to mediate resistance against
pathogens. They have a large lipophilic region that
inserts into membranes and interacts with sterols,
phospholipids and proteins, disrupting cholesterol-
phospholipid interactions to create ring-shaped
complexes with pores of 12-15 nm diameter, which
permit the entry of macromolecules. Electron
microscopy has shown that saponin treatment is
the mildest form of permeabilisation and leaves the
plasma membrane relatively intact. Pore formation
isreversible and saponin-treated cells are imperme-
able to antibodies that have not previously bound
saponin; therefore, it is essential to maintain
saponin in all of the steps in which cells are incu-
bated with antibody. Cholesterol-containing mem-
branes, including those associated with the endop-
lasmic reticulum, the Golgi and lysosomes, are
readily permeabilised by saponin. Those that lack
cholesterol, such as the inner nuclear membrane
and mitochondrial membranes, are not (Protocol
2.12).

Lysolecithins are naturally occurring lipids that
insert into membranes probably by dissolving cho-
lesterol and replacing phospholipids. At low con-
centrations (~50 pgml™) they will permeabilise
cells, forming irreversible pores of 300-400 nm di-
ameter in erythrocyte membranes, and at higher
concentrations they cause lysis. Their use has been
reported only occasionally in cytometric studies,
probably because they are expensive, poorly char-
acterised and seem to offer little advantage over
other permeabilising agents.

Non-ionic detergents such as Nonidet (NP40),
Tween® 20 and Triton® X-100 can be used to per-
meabilise the membranes of unfixed or fixed cells.
They act by inserting into plasma and organelle
membranes, solubilising both the lipids and the
transmembrane proteins. They are generally weak
protein denaturants but will bind to the hydropho-
bic regions of proteins and may cause the loss of
membrane and other hydrophobic proteins. Con-
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centrations of 0.01-0.1% usually permeabilise cells
while still preserving the gross structure of the
membrane; higher concentrations are more likely to
cause lysis and loss of cytoplasmic contents.

Cytokine production has traditionally been as-
sessed by immunochemical methods, but it is now
possible to detect cytokine production in individual
cells. For instance, T-cells are divided into the T
helper functional subsets, Th1 and Th2, based upon
their profile of cytokine secretion. By stimulating
T-cells in vivo in the presence of inhibitors of trans-
location, e.g. brefeldin, the cytokines that are pro-
duced remain trapped in the cell and can be detec-
ted by immunolabelling using reagents purchased
separately or as a kit for the purpose (e.g. the Fast-
ImmuneCytokineSystem from BD Bioscience;,
Cytodetect™ from IQ Products, or the Quan-
tiCyte™ system from BioErgonomics). Recently,
however, T-cell subsets have been distinguished by
intracellular immunostaining without prior in vivo
activation, using laser scanning cytometry.

There is no single permeabilisation procedure
that is universally applicable, and the best tech-
nique to use for a particular purpose can usually
only be determined by critical analysis of the effects
of many possible variables. Reviews of the general
strategies available (e.g. Bauer and Jacobberger,
1984), methods texts (listed at the end of this chap-
ter) and previous publications (e.g. Darzynkiewicz
et al., 1996; Francis and Conolly, 1996) should be
consulted before attempting to design and evaluate
a procedure.

A number of reagent kits that are intended pri-
marily for permeabilising leukocytes are commer-
cially available, some of which are listed in Table
2.5. Several of these have been the subject of com-
parative evaluations by external quality assurance
agencies (e.g. NEQAS, UK). It is therefore worth
checking the internet sites of these agencies to as-
certain which might be recommended for a particu-
lar purpose.
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Protocol 2.12 Detection of cell surface and
intracellular antigens after fixation and
permeabilization with saponin

1. Add 20 pl fluorochrome-labelled antibody to a
cell surface antigen to 2 x 108 leukocytes in 100 pl
PBS containing 1% FBS and 0.1% sodium azide
and incubate for 10 min at 4°C.

2. Wash with 4ml of PBS containing 1% FBS and
resuspend the cells in 200 pl PBS containing 4%
formaldehyde. Incubate for 20 min at 4°C.

3. Wash with 4 ml PBS containing 5% FBS.

4. Resupend in 100 pl PBS containing 5% FBS and
0.1% saponin. Add a second fluorochrome-label-
led antibody to an intracellular component and
incubate 30-60 min at 4°C.

5. Wash the cells by centrifuging in PBS containing
5% FBS and 0.1% saponin allowing adequate
time for unbound antibody to diffuse out of the
cells.

6. Resuspend in PBS containing 1% FBS and ana-
lyse.

2.8 Immunolabelling

2.8.1 Antibodies

Antibodies or immunoglobulins (Ig) are hetero-
dimeric glycoproteins comprising light (x or A) and
heavy (o, §, &, y or p) chains. The nature of the heavy
chain defines the class or isotype (IgA, IgD, IgE, 1gG
or IgM) and in some instances the subclass (e.g.
IgG; to IgGy) to which the antibody belongs. The
fundamental antibody unit, as exemplified by IgG,
comprises two identical light chains and two ident-
ical heavy chains linked by disulphide bonds be-
tween the heavy and light chains and between the
two heavy chains (Fig. 2.6). IgG has two identical
sites for combining with antigen, each of which is
formed from the complementarity-determining re-
gions (CDRs) present in the N-terminal domains of
a pair of heavy and light chains. Following digestion
with papain or pepsin, these antibody-combining
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Table 2.5 Commercial permeabilisation reagents

Brand name Manufacturer Comments Time (min)?

Cytodetect kit 1Q Products Intended for the detection of intracellular cytokines: includes 600 (including
monensin for blocking export via the Golgi), fixative, time for cell
permeabilising reagent stimulation)

Cytofix/Cytoperm™ Pharmingen, Serotec Intended for use in the detection of intracellular cytokines 60

FACS™ Lysing BD Biosciences Although not intended for the detection of intracellular antigens 60

Solution it can be used for this purpose

FACS™ BD Biosciences Contains formaldehyde and diethylene glycol 50

Permeabilising

Solution

Fix & Perm® Caltag Components not disclosed but described as FIXation and 40

PERMeabilisation media; a modification incorporating methanol
is recommended for cell cycle antigens when using FITC- but not
PE-labelled antibodies

Golgi, fixative, permeabilising reagent and resuspension buffer

IntraPrep™ Beckman Coulter
Permeabilisation
Reagent
IntraStain Dako

not disclosed
IntraStainCell
1Q Starfigs 1Q Products

saponin
Leucoperm™ Serotec Not disclosed
Permeafix Ortho Diagnostic Not disclosed

Systems

PermaCyte™ BioErgonomics Not disclosed

Bender MedSystems Four reagents including monensin for blocking export via the

Formaldehyde and saponin 45

Reagent A (fixation) formaldehyde, Reagent B (permeabilisation) 40

70-85 (not
including time for
cell stimulation)

Reagent F (fixation) formaldehyde, Reagent P (permeabilisation) 45

60
105

95

3Time for permeabilisation and intracellular staining, to which must be added the time taken for surface antigen staining if

required.
FITC, fluorescein isothiocyanate; PE, phycoerythrin.

sites (ab') are preserved in monomeric and dimeric
fragments known as F(ab') and F(ab'), respectively.
A further fragment, known as Fc, produced during
papain but not pepsin digestion, contains domains
from only the heavy chains; it is incapable of bind-
ing antigen but contains those regions of the mol-
ecule that are responsible for binding cells and
complement (Fig. 2.6). The structural feature of an
antigen that is responsible for its immunologic spe-
cificity is known as an epitope (an antigen may have
more than one epitope) and the complementary site
on an antibody molecule to which an epitope binds
is known as a paratope.

Both monoclonal antibodies and polyclonal anti-
sera can be used for immunolabelling. Antisera con-
tain the natural mixture of antibodies produced by
those B lymphocyte clones that can react with the
antigen that was used to immunise the animal. In
contrast, monoclonal antibodies are the products of
a single antigen-reactive B-cell clone and are conse-
quently all chemically identical. They are obtained
by fusing B-cells with plasmacytoma cells to give
antibody-secreting hybridoma cells, which can be
propagated indefinitely. Different monoclonal anti-
bodies that recognise the same human leukocyte
antigen are said to belong to the same cluster of
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Fig. 2.6 Schematic diagram of an antibody molecule showing regions corresponding to F(ab'); and Fc fragments that would be

produced by proteolytic cleavage. Interchain disulphide bonds (black) help to stabilise the structure.

differentiation (CD) and are given the same numb-
er, e.g. CD3. However, it must be remembered that
monoclonal antibodies that recognise the same
antigen are not necessarily identical unless they are
from the same clone; in consequence, their epitope
specificity, avidity, isotype and nonspecific binding
may all differ. Monoclonal antibodies are generally
preferable to polyclonal antisera because they are
less prone to cross-reactivity, which gives rise to
higher background staining.

Antibodies obtained commercially are commonly
supplied as a freeze-dried (lyophilised) powder that
must be reconstituted before use or as a liquid con-
taining a preservative such as azide. Unlabelled
antibodies are quite robust; their reactivity can be
maintained for decades if kept at -20°C and for
several years if kept with a preservative at 4°C. Re-
peated freezing and thawing should be avoided.
Fluorochrome-labelled antibodies are considerably
less stable; they should be kept at 4°C in the dark
and, if obtained commercially, used before their
expiry date.

2.8.2 Antibody-antigen interactions

All antibody-antigen reactions are reversible, with
hydrophobic and electrostatic interactions being
the major forces in the primary attraction. The equi-
librium affinity constants (K;) for monoclonal anti-
bodies reacting with small monomeric antigens in
solution are usually in the range 10°-10° mol 1!
with reported values for the separate association
(ka) and dissociation (kg) rate constants usually in
therange 105-10%s7! and 103-1075 571, respectively.
The rate of complex formation is dependent on the
frequency of collision and orientation of the reac-
tants. As an example, Karlsson and Roos (1997)
demonstrate that a reaction between a soluble anti-
gen and an antibody with moderate affinity
(Ka=5x 1081 mol™), which had kinetic constants of
ka=2x108 57! and kg=4x1073 s7!, respectively,
would be 98.3% complete in 8.3 min. The lower the
association rate constant the longer it will take to
reach the steady state with maximum level of anti-
body bound; conversely, the higher the dissociation
rate constant, the faster that previously bound anti-
body will be lost during washing. Van Regenmortel
(1997) has calculated the relationship between the
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Table 2.6 The relationship between the dissociation
rate constant and half-life of the antigen—antibody
interaction

Dissociation rate constant (s’l) Half-life
1076 8d
107° 19.2h
1074 1.9h
1073 11.5 min

From van Regenmortel (1997).

dissociation rate constant and half-life of the inter-
action (Table 2.6).

Consistent with theory, simple tests in which
leukocytes in whole blood were stained for 1, 5, 10
and 20 min, using commercially obtainable
fluorochrome-labelled monoclonal antibodies to
cell surface antigens at the manufacturer’s recom-
mended dilutions, showed that near maximum
staining was achieved within 5 min (unpublished
observations). Therefore, for most practical pur-
poses, an incubation time of 10 min should be suffi-
cient for staining surface antigens, but longer times
will be needed for staining intracellular antigens.

For analysis by flow cytometry, it is usually un-
necessary to wash the cells free of unbound anti-
body, because only cell-bound antibody, as op-
posed to unbound antibody in solution, will
contribute significantly to the fluorescence signal
(Sklar and Finney, 1982). However, it is prudent to
analyse washed but unfixed cells promptly because
some decreases in bound antibody will occur after
washing.

2.8.3 Titrating antibodies and the measurement
of cell surface antigens

Antibodies obtained from commercial sources
should be used in accordance with the supplier’s
recommendations; however, others will need to be
titrated to ensure that an appropriate amount is
used. The simplest way to do this for a fluoroch-
rome-labelled antibody is to use a standard number
of leukocytes, e.g. 5x 10° cells in 100 pl of medium,

and add a standard volume, e.g. 20 ul of doubling
dilutions of the antibody. The mean fluorescence
intensity (logarithmic scale) is determined for the
positively stained and nonspecifically stained cells
and these values are plotted against antibody con-
centration, also on a logarithmic scale. The fluor-
escence intensity of the positively stained cells will
increase markedly with increasing antibody con-
centration until it reaches a plateau but near to the
intial plateau value the intensity of the nonspecifi-
cally stained population will also begin to increase.
The optimum antibody concentration is that which
is on the plateau but which also gives the maximum
difference in fluorescence intensities between the
positive and negative cell populations. It will vary
according to the protocol being used but in most
instances it will be one or two dilution steps lower
than that which just gives the plateau value (Fig.
2.7).

Often it would be useful if immunolabelling in
conjunction with cytometry could be used to deter-
mine the absolute number of a cell surface compo-
nent; however, the interaction of antibodies with
antigens present on cell surfaces presents a far more
complicated situation than the interaction in sol-
ution and one for which there are only limited data
available (Pallis and Robbins, 1995; Roe et al., 1985).
The majority of monoclonal antibodies used in
cytometry are IgG and can therefore bind in a bi-
valent manner, with enhanced affinity (up to 100-
fold) compared with the binding of their corre-
sponding monovalent F(ab") fragments. A crucial
assumption in the use of monoclonal antibodies for
the quantification of cell surface antigen is that
there will be only monovalent binding when satura-
ting concentrations of antibody are used but the
true ratio of antigen to antibody is not usually
known. Bivalent antibody cannot easily be used to
count cell surface antigen molecules because, for
most practical purposes, the antibody concentra-
tions required to achieve saturation are experimen-
tally unattainable (~100 pg ml~!) and would result in
unacceptably high ‘background’ signals. The use of
F(ab'") fragments overcomes the problem of mono-
valent binding but their lower affinity is accom-
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Fig. 2.7 Titration of a fluorochrome-labelled antibody. Relative fluorescence intensity of positive (solid line) and negative (dotted

line) cell populations. Optimal antibody concentrations for staining are those that give the highest ‘signal to noise’ ratio

(approximately 1-5 pg ml~! here).

panied by a faster dissociation rate, which can lead
to appreciable loss during washing and secondary
antibody staining. Whether the antigen exists as
dimers, trimers etc., as opposed to monomers, and
whether it can diffuse in the plane of the membrane
will also affect the interpretation (Fig. 2.8) (for a
fuller discussion of the problems, see Davis et al.,
1998; Junghans, 1999; Robins, 1998, 2000).

Because stoichiometric problems make it impos-
sible in most instances to calculate antigen density,
results are usually expressed instead in terms of the
amount of fluorescent antibody bound. Two
methods are commonly used. The first measures
relative fluorescence intensity of each cell, while the
second estimates the number of antibody mol-
ecules bound to each cell. In the first method, the
cytometer is calibrated before use with beads con-
taining different known amounts of fluorochrome.
Results are expressed as median or mean relative
fluorescence intensity levels, normally using a log-
arithmic scale, or as median or mean fluorescence
channel number. If necessary, relative fluorescence
intensity or channel numbers can be converted to
an equivalent number of molecules of fluoroch-

rome by means of a calibration curve constructed
from the calibration beads. The second method
uses a mixture of four microbead populations with
different but defined numbers of sites for binding
antibody molecules and a negative control (Quan-
tum Simply Cellular®; Flow Cytometry Standards
Corporation). The beads are incubated with antibo-
dies under the same conditions as the sample; their
fluorescence is determined and used to construct a
calibration curve that relates peak channel fluor-
escence to their antibody-binding capacity. After
the fluorescence of the cells of interest has been
measured, the number of antibody molecules
bound per cell can be determined by interpolation
with the calibration curve.

2.8.4 Sensitivity of detection

Although some research instruments are capable of
detecting individual fluorescent molecules as they
pass a laser beam, the sensitivity limit of most cur-
rent commercial cytometers in detecting fluoroch-
rome-labelled cells is ~102-10° molecules of a
fluorochrome or ~10"'8 g fluorochrome per cell; a
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Plasma membrane

Fig. 2.8 Models for the interaction of antibodies with cell surface antigens. (A) Monovalent binding to a monomeric antigen.

(B) Bivalent binding of two molecules of a monomeric antigen following diffusion of the antigen in the membrane. (C) Bivalent

antibody binding to a dimeric antigen. (D) Monovalent antibody binding to a dimeric antigen. Scatchard analysis shows that the

ratio of the number of antigen to antibody molecules bound versus antibody concentration varies differently in the model

situations depicted in (A-D). (After Junghans, 1999.)

concentration calculated by Steen (1990) as ap-
proximately equal to that achieved if 1g dye was
dissolved and evenly distributed in the 3000 km? of
the North Sea where it is 300 m deep. In practice, the
sensitivity with which antigens can be detected by
immunofluorescence is somewhat lower still, be-
cause it is affected not only by the strength of the
fluorescence emitted by the labelled antibody (see
Ch. 3) but also by the extent of nonspecific binding,
which will increase with antibody concentration.
Antibodies will attach not only through specific
paratope-epitope interactions but also nonspecifi-
cally (usually with lower affinity) to other cell com-
ponents by different mechanisms. Cell surface Fc
receptors may bind different classes of antibody,
especially aggregates formed during manufacture
or storage. Antibody aggregates can be removed
from solutions by brief ultracentrifugation (e.g. 10
min in a benchtop microfuge) before use but it is
not recommended for IgM antibodies or
phycoerythrin conjugates because both of these are
large enough for appreciable quantities to be pel-
leted from solution. Both the Fc-mediated and non-
specific binding of antibodies can be decreased by
pretreating washed or isolated cells with unlabelled
normal (control) immunoglobulin or serum from
the same species as used for the antibodies. This
can be done by incubating 10 pg of purified control
IgG with 108 cells for 10 min at 4°C or by resuspend-
ing the cells in 2-5% inert serum before adding the
specific antibody. Including 0.5-10% BSA or FBS in

the media used for cell isolation, washing and
labelling will help to minimise the number of dead
cells (which show greater nonspecific antibody
binding than live cells). If necessary, dead cells can
be discriminated by their inability to exclude
propidium iodide (PI) 5 ngml™! or 7-amino-ac-
tinomycin D and can be omitted from the data
analysis; reagents specially prepared for this pur-
pose are commercially available (e.g. Caltag). To
maximise the signal to noise ratio (specific to non-
specific binding), fluorescent antibodies are nor-
mally titrated to determine the concentration that
gives a sufficient excess to ensure saturation of all of
the antigen sites (maximal intensity of positives)
while at the same time giving minimal nonspecific
staining. Commercial antibodies to human
leukocyte antigens have usually been titrated by the
manufacturer in advance so that the recommended
concentrations provide for a twofold to fivefold ex-
cess over saturation levels.

Care must be taken that the effective antibody
concentration is not decreased by binding to a sol-
uble form of the antigen in the sample. Antigens
that are normally present on the surface of cells can
also be shed (e.g. CD8, CD25, CD62L) or can be
secreted (e.g. IgM on B-cells). In these instances, it
may be necessary to wash the cells before immu-
nolabelling. It may also be necessary to include
0.1% sodium azide in the medium during and after
immunolabelling to inhibit metabolism and inter-
nalisation of antigens.
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2.8.5 Direct and indirect immunostaining

In direct immunolabelling, cells in suspension are
incubated with fluorochrome-conjugated antibody
and later washed free of unbound antibody. It is
quick because only a single incubation with one or a
number of different labelled antibodies is required.
However, it does require that all antibodies be con-
jugated to a fluorochrome. The correct antibody
control is a fluorochrome-conjugated antibody of
the same isotype (known as an isotype-matched
control antibody). Multicolour analysis can usually
be done using pre-mixed antibody cocktails, but the
possibility exists for potential interactions between
reagents. It is therefore prudent, at least on the first
occasion, to include a check in which cells are label-
led sequentially with the different reagents, prefer-
ably with washing in between. Pre-mixed multi-
colour antibody cocktails for many commonly
analysed combinations of antigens are obtainable
commercially. A method for the direct staining of
leukocytes in live whole blood is given above (see
Section 2.3.1).

In indirect immunolabelling, cells in suspension
are incubated with unlabelled primary antibody,
washed, then incubated with a fluorochrome-label-
led secondary antibody directed against the im-
munoglobulins of the species from which the pri-
mary antibody was obtained and analysed (Protocol
2.13). The correct antibody control is an uncon-
jugated isotype-matched primary antibody fol-
lowed by the same fluorochrome-labelled second-
ary antibody. Direct immunolabelling is simpler,
more convenient and less error prone than indirect
immunolabelling. Although indirect labelling takes
longer, it has the advantage of increased sensitivity
because some signal amplification can be achieved
by several fluorochrome-conjugated secondary
antibodies binding to a single primary antibody.
Secondary antibodies labelled with a variety of
fluorochromes are readily available from commer-
cial sources; they are stable when stored lyophilised
or frozen and are relatively inexpensive. Wherever
possible, it is preferable to use the F(ab'), fragment
of a fluorochrome-conjugated affinity-purified sec-
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ondary antibody as these fragments give less non-
specific binding than the corresponding whole anti-
body. Where a combination of indirect and direct
labelling with mouse monoclonal antibodies is ap-
plied to the same sample, it is essential that the
indirect procedure is completed first and that any
unoccupied anti-mouse immunoglobulin-binding
sites on the secondary antibody are blocked with
unlabelled normal mouse IgG before staining with
the directly labelled antibody (Fig. 2.9).

A variant of the indirect labelling procedure is to
use a primary antibody that is conjugated to biotin
so that it can be revealed by a fluorochrome con-
jugated to avidin or streptavidin (see Ch. 3). When
using this procedure, cells should be washed free of
serum and maintained in media containing BSA
instead of serum, in order to avoid adventitious
binding to endogenous biotin, which may be pres-
ent in serum.

Wherever possible, positive and negative cell con-
trols should be included in the test series as a check
on the effectiveness of immunolabelling. In some
instances, these may occur naturally within the
sample, e.g. both CD3-positive and CD3-negative
(often written CD3" and CD3", respectively) cells
will occur in peripheral blood. An autofluorescence
control that contains no fluorochrome-labelled
antibodies should also be examined. Ideally, the
autofluorescence control and negative fluoroch-
rome-labelled isotype control should give similar
results. However it is common for the latter to fluor-
esce a little brighter than the autofluorescence con-
trol.

Protocol 2.13 Indirect immunostaining of whole
blood

Reagents

* A saturated solution of LDS-751 in methanol can
be kept almost indefinitely in the dark at 4°C

* HHBSS-BSA
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A

Fluorochrome-labelled antibodies to cell surface
antigens

B
Fluorochrome-labelled anti-species
antibody

Unlabelled antibody to cell surface
antigen

Fig. 2.9 An illustration of direct (A) and indirect (B) immunolabelling. In the direct example, the cell has bound two different

antibodies each conjugated to a different fluorochrome. In the indirect example, the cell has bound an unlabelled (primary)

antibody (e.g. a mouse monoclonal antibody) that has subsequently been revealed by a fluorochrome-conjugated (secondary)

directed against the immunoglobulins of the species from which the primary antibody was obtained (e.g. a fluorescein

isothiocyanate-conjugated goat anti-mouse immunoglobulin antibody).

Protocol

1.

Pipette 100 pl anticoagulated blood carefully
into the bottom of a plastic tube so that it forms
a small discrete droplet at the bottom.

. Add 20 pl unlabelled antibody* by pipetting
onto the droplet of blood and mix the two by
gently pipetting up and down.

. Incubate for 10 min at 4°C.

. Wash the cells twice by centrifuging at 300-
400 x g for 5-10 min in 4ml of PBS containing
1% BSA.

. Resuspend in 100 pl of PBS containing 1% BSA.

. Add 30 pg normal unlabelled immunoglobulins
(blocking antibody) of the same species as the
secondary antibody per 10° cells and incubate
for 10 min.

. Add 20 pl fluorochrome-conjugated secondary
antibody.*

. Incubate for 10 min at 4°C.

. Wash the cells twice by centrifuging at 400x g

for 5 min in PBS containing 1% BSAT.

10. Either lyse the erythrocytes and fix the
leukocytes as described above, or resuspend
the cells in 1 ml PBS containing 1% BSA and
0.1% by volume of a saturated solution of LDS-
751 in methanol.

Analysis
Analyse by flow cytometry using the gating strategy
described for the live whole blood method in Proto-
col 2.10.

*The optimum amounts of antibody will need to be determined
by titration unless specified by the manufacturer and suitable
isotype negative controls will also need to be done.

f1r required, the cells can also be directly immunolabelled after
this stage. In which case, resuspend in 100 pl PBS containing
1% BSA, add 30 pg normal unlabelled immunoglobulins of the
same species as the primary antibody per 108 cells and incu-
bate for 10 min. Add 20 pl fluorochrome-conjugated antibody,
incubate for 10 min at 4°C and resuspend the cells in 1 ml of
PBS containing 1% BSA and LDS-751.

Note: If there is high nonspecific binding of the primary anti-
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body this may be reduced by first incubating the blood for 10
min at 4°C with 20 pl of a negative control immunoglobulin
fraction from the same species as the primary antibody.

2.9 Determining absolute cell counts

On some occasions, it is necessary to determine the
absolute number of different cells in a sample; this
can be done in any one of the following three ways.
First, all of the cells in a defined volume of a cell
suspension can be counted. Second, the number of
cells present in a defined volume can be calculated
by counting the cells seen when the sample is flow-
ing at a constant and known rate for a set time.
Third, a defined volume of sample can be mixed
with a defined volume of a suspension of
microbeads of known concentration (in terms of
particles per ml); both the numbers of cells and of
microbeads are counted and the cell concentration
calculated from the ratio of cells:microbeads re-
corded. A variation on the last principle is available
commercially as TRUCOUNT™ Absolute Count
Tubes (BD Biosciences) in which a microbead sus-
pension has been lyophilised in tubes so that the
microbeads are resuspended as the sample is ad-
ded.

2.10 Safety

The hazards encountered when preparing samples
for cytometric studies are twofold; infectious and
chemical. The risks associated with each operation
should be assessed in advance and appropriate pre-
cautions taken to minimise them. In many coun-
tries, there are guidelines or legislation covering
different aspects of laboratory safety. The NCCLS in
the USA and the Advisory Committee on Dangerous
Pathogens (ACDP) and the Health Services Advisory
Committee (HSAC) in the UK publish guidelines for
this type of work (see internet sites for lists of publi-
cations). In general, these bodies specify standards
of microbiological practice that aim to protect lab-
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oratory workers and others from accidental infec-
tion. Most laboratory-acquired infections result
through puncture wounds, the inhalation of infec-
tious aerosols, the accidental contamination of
abraded skin or accidental ingestion. Specimens
must be obtained, handled and disposed in accord-
ance with certain minimum levels of containment
and personal protection, which differ depending on
the hazard that they pose. In brief, the minimum
standards of personal protection require that a
Dowsett and Heggie style laboratory coat and dis-
posable gloves must be worn when handling clinical
specimens; safety spectacles must be worn when
there is the possibility of eye contamination
through splashing. Samples must be contained in
suitably robust sealed containers (e.g. capped
tubes); there must be no mouth pipetting; cen-
trifuging must be done in capped/sealed tubes
within sealed safety containers that will prevent the
escape of aerosols in the event of tube breakage;
hazardous waste must be stored and disposed in an
approved safe manner; nondisposable items should
be decontaminated with a suitable disinfectant (e.g.
Virkon) and, if possible, also by autoclaving. The
hazards posed by chemicals vary and can be found
in the ‘materials safety data sheets’ published by
suppliers. Appropriate precautions for handling and
disposal will need to be taken, which will depend on
factors such as the amounts involved, the frequency
and type of use. A fuller consideration of the safety
aspects of specimen acquisition, handling and
processing can be found in Owens and Loken
(1995), Valenstein and Collinge (1997), and in
the Purdue Cytometry CD-ROM (Robinson, 1997,
1998).

2.11 FURTHER READING
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Methods in Cell Biology, Vol. 41, Part A, Flow Cytometry, 2nd
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tative Immunophenotyping. Wiley-Liss, New York.
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McCluskey, R.T. (eds.) Diagnostic Immunopathology, 2nd
edn, pp. 725-49. Raven Press, New York.
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Tanke, H., Wheeless, L. (eds.) (1993) Handbook of flow
cytometric methods. Wiley-Liss, New York.

Shapiro, H.M. (1994) Practical flow cytometry 3rd edn. Liss,
New York.

Watson, J.V. (1991) Introduction to flow cytometry. Cambridge
University Press, Cambridge, UK.

2.12 INTERNET RESOURCES

http://www.protocol-online.net/cellbio/cell—cycle/

cytometry.html
Links to many sites detailing flow cytometry sample prepara-
tion and cytometry techniques.
http://www.drmr.com/abcom

Mario Roederer’s site providing detailed information on the
conjugation of fluorochromes and biotin to monoclonal
antibodies and other proteins.

http://www.biochem.mpg.de/research-group/valet/
valmeth3.html

Functional cell biochemistry by flow cytometry. G. Valet’s site
containing brief protocols for cell preparation, fixation, a
number of functional assays and other cytometry-related
information.

http://www.biochem.mpg.de/research-group/valet/

eurocel2.html
European Working Group for Clinical Cell Analysis (EWGCCA):
consensus document on leukaemia immunophenotyping.
http://www.ukneqas.org.uk/index.html

Home page of the UK National External Quality Assessment
Scheme.
http://www.wiley.com/cp/cpc/toc.html

Table of contents of Current Protocols in Cytometry. A few
sample chapters can be accessed directly and via other links
but a subscription/purchase is necessary for full access.

http://www.hse.gov.uk/hthdir/noframes/biolhaz.html

The UK Health and Safety Executive’s website for biological

hazards/agents (infection risks) and for controlling the risk of
infection at work.
http://www.nccls.org/homebody1.html

The USA National Committee for Clinical Laboratory Stan-
dards (NCCLS): website for the dissemination of standards
and guidelines.

http://www.esacp.org/esacflow.html

Consensus report of the task force on standardisation of DNA
flow cytometry in clinical pathology: European Society for
Analytical Cellular Pathology.

http://www.search.lifetech.com/

Life Technologies’ site which contains protocols for cell cul-
ture, cell biology and molecular biology, including many on
blood cell separation and isolation.

http://www.bdfacs.com/literature/appnotes/menu.shtml

BD Immunocytometry Systems’ applications notes for sample
preparation and analysis.
http://www.bdfacs.com/literature/whitepapers/menu.shtml

BD Immunocytometry Systems’ publications describing vari-
ous immunocytometric assay systems.
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Fluorescence and fluorochromes

3.1 Introduction

The great analytical power of current cytometers
stems from their ability to quantify simultaneously
many separate parameters on thousands of cells
within a few minutes. Laser scanning cytometers
and flow cytometers measure, respectively, one or
two light scattering parameters, and, depending on
the instrument, up to 12 fluorescence parameters.
Only a few cellular components (e.g. pyridine- and
flavin-containing nucleotides) are intrinsically flu-
orescent (autofluorescent), so cells are usually
stained with compounds (known as fluorochromes,
fluorophores or fluors) that fluoresce when they
report the presence or activity of a particular cellu-
lar component. Three main approaches are used for
staining:
¢ afluorochrome-labelled antibody or other ligand
is allowed to bind to complementary structures,
either within or on the surface of cells
* a fluorescent dye, e.g. one that binds to nucleic
acids, is allowed to accumulate within cells
¢ a cell-permeant precursor compound is con-
verted by the activity, often enzymic, of some cell
component into a form with distinct fluor-
escence.
Usually samples are stained with more than one
fluorochrome and, depending on the number of
fluorochromes used, the technique is known as
two-colour, three-colour, etc. staining. At present,
the main constraint on the number of different
stains that can be measured simultaneously is the
shortage of fluorochromes with distinct emission
spectra and the difficulty of distinguishing those
fluorochromes with emission spectra that overlap.

Desmond A. McCarthy
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To appreciate how fluorochromes can best be used
in cytometric assays it is worth first considering how
light and matter interact.

3.2 The interaction of light and matter

Light is a form of electromagnetic radiation with a
wave motion defined by electric and magnetic vec-
tors at right angles to each other and perpendicular
to the direction of propagation. The waves travel at a
speed close to 3 x 108 m s7! (known as ‘¢, the veloc-
ity of light); thus the frequency and wavelength (the
distance between wave crests) of radiation are sim-
ply related by the equation:

)\ (wavelength in m) x v (frequency in cycles s™1) = ¢
(velocity of light in m s™1)

Visible light ranges in frequency from 0.4 x 10'® Hz
to 0.75x10'° Hz (the hertz, Hz, being 1 cycle per
second) and in wavelength from 400 nm (near ultra-
violet) to 700 nm (red). Light is not emitted as a
continuous long wave but as discrete short ‘wave
trains’ called ‘photons’. The production of a single
wave train from most sources lasts for only about
1070 s and in this time light would have travelled
about 3x108x 107 m, or 0.3 m. The electric and
magnetic vectors arise from the force field that sur-
rounds a pair of charges, the oscillating electric
dipole. These can be envisaged as a positive and a
negative charge that oscillate along the axis linking
them, so that the distance by which they are separ-
ated is a sine function of time. An oscillating dipole,
therefore, generates a moving wavelike force field
radiating out in all directions from it (at the speed of
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Fig. 3.1 The electromagnetic wave generated by an oscillating dipole (at the left). The magnetic vector (H) in the plane YZ is at

right angles to, and in phase with, the electric vector (E) in the plane XZ. As the wave moves away from its origin in the direction Z,

its wavelength ()) is maintained but its amplitude decreases with distance.

light) with the electric vector in the same plane as
the axis of the dipole (Fig. 3.1).

The oscillating dipole is not the only system of
moving charges that can generate electromagnetic
radiation but it is useful when considering the
movement of electrons in atoms and molecules and
their interaction with light. It corresponds to the
movements of negatively charged electrons relative
to the positively charged nuclei in matter. Work
must be done to cause a dipole to oscillate, and a
corresponding (or smaller) amount of energy can
then be radiated as light. If light is absorbed by other
dipoles, it can start them oscillating and, in turn,
they can also radiate. The interaction of light and
matter is, therefore, based on the exchange of en-
ergy between oscillating dipoles and the radiation
field.

The emission of light without the high tempera-
tures needed for incandescence is known as
luminescence. It encompasses chemiluminescence,
which if it occurs in vivo is usually termed bi-
oluminescence, and two forms of photolumines-
cence, known as fluorescence and phosphores-
cence. Chemiluminescence results from a chemical
reaction in which the electron in an atom or mol-
ecule is raised to a vibrationally excited state by the
enthalpy (heat) of reaction. As the electron decays
to its ground state, light is emitted. In photo-
luminescence, it is the energy acquired from the
absorption of light (ultraviolet, visible or near-in-
frared) that results in the electron being raised to a
higher energy state in an unoccupied orbital; just as
in chemiluminescence, return to the ground state is
accompanied by the emission of light.

Energy can only be exchanged between light and
matter in discrete packets (Fig. 3.2), known as
quanta or photons, the energy of which is related to
the frequency by the following equation:

E=hv

where E is the energy (in ergs) in one quantum of
radiation, which has a frequency of v (cycles s71),
and h is Planck’s constant (6.6 x 10?7 erg s™!). For
light in a vacuum, E=hc/h (because v=c/A, from
above).

Both chemiluminescence and fluorescence have
been used extensively in cytometric analysis; how-
ever, there are key differences between the two pro-
cesses. In chemiluminescence, the chemilumines-
cent substrate is irreversibly converted to a different
substance during the reactions that generate light;
consequently, each molecule of the chemilumines-
cent substrate can produce a photon only once. In
fluorescence, by comparison, each molecule in-
volved can repeat the process of photon absorption
and emission many times.

3.3 Light absorption and fluorescence

In any given atom, the dipole oscillation of electrons
and nuclei that accompany the absorption or
emission of light occur at only certain frequencies.
To raise an atom from the ground state (Sp) to the
excited state to initiate these oscillations requires
the absorption of a quantum with the correct en-
ergy. As the energy states of atoms can be defined
almost completely by the orbits of their valence
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Fig. 3.2 The transition between the higher (E») and lower (E7) energy states is accompanied by the absorption or emission of a

quantum of light (a photon) with the energy E=hv=E»- E].

electrons, these energy differences (4E) are well de-
fined and there is intense absorption of light at the
wavelength that will give 4E=hv=hc/\. Conse-
quently the absorption spectrum of an atom is char-
acterised by sharp lines at particular wavelengths,
e.g. at 102.6, 121.6, 486.9 and 657.3 nm for the hy-
drogen atom. In a molecule, the electrons of many
different atoms occur in close proximity and inter-
act both with one another and with different nuclei.
As a result, although there are major electronic
singlet ground (Sp) and excited states (first excited
singlet state, S; second, S; etc.), each is divided into
a large number of possible vibrational energy levels
or substates. In addition to these, there is a parallel
series of triplet energy states (denoted T, T, etc.)
each with a slightly lower energy level than the
corresponding singlet state. In the dark at ambient
temperatures, the majority of molecules are in the
ground state. On irradiation, photon absorption
typically excites the fluorochrome to a vibrational
energy level within the first excited singlet state (S;)
but energy is lost rapidly (10712 s) by vibrational
relaxation (a nonradiative process) so that it drops
to the lowest vibrational substate (Vo) in the S;
band. When photon emission occurs, all transitions
begin at Vj but can terminate in any of the vibra-
tional substates in the electronic ground state.
Overall, many different transitions are possible be-
tween the various different ground and excited sub-
states, each of which could give rise to an absorp-
tion band. In practice, these bands are broadened
by intermolecular interactions and cannot be separ-
ately resolved. They merge, instead, to form a broad
band of wavelengths over which light can provide
the energy required to effect all of these different

transitions. Similarly, emission occurs over the
wavelengths that correspond to the energy differ-
ence between the lowest vibrational substate of the
excited singlet and the various vibrational substates
in ground energy levels (Fig. 3.3).

The most probable transitions between the sub-
states for absorption usually span a larger energy
difference (4E) than those for emission. Therefore,
during fluorescence, the photon emitted is always
oflonger wavelength (lower energy) than that which
was initially absorbed because some energy is lost
in other nonradiative ways, principally by vibra-
tional relaxation. The difference between the
wavelengths for maximum absorption and emission
is known as the Stokes’ shift (Fig. 3.4). It is this
characteristic that underlies all fluorescence tech-
niques because it allows the emitted light to be
detected at wavelengths away from those of the
excitation source; the greater the Stokes’ shift the
more easily this can be done. The absorbance
spectra (identical with the excitation spectra) and
emission spectra of fluorochromes often overlap
and are usually mirror images of one another be-
cause the probability of an electron returning to a
given energy level in the ground state is similar to
the probability of the electron occurring in that po-
sition before excitation. It is important to note that
the shape of the emission spectrum remains con-
stant regardless of the excitation wavelength, but
that the intensity of fluorescence will be affected by
the excitation wavelength because the extinction
coefficient (a measure of the amount of light ab-
sorbed) is wavelength dependent (see below).

The probability of light absorption by a substance
is characterised by its extinction coefficient €. For
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Fig. 3.3 Jablonski diagram illustrating the process of light absorption (excitation) and emission by a fluorochrome. Initial energy
absorption (1) raises the molecule to an electronic excited state (S or Sp). Energy can be lost in nonradiative ways by vibrational
relaxation during a series of transitions (2) between substates in the electronic excited state Sy, by internal conversion in going
from the Sy to the S; state (3), or by external quenching (4). Those molecules in the lowest excited singlet state can then undergo
the main downward transition that results in fluorescence (5). After emission, there is a further possibility for similar energy loss
by vibrational relaxation as the molecule goes through the ground substates (6). Intersystem crossing from the singlet excited state
S; to the triplet state Ty (7) is a nonradiative process, which when followed by decay to the electronic ground state (8) results in
phosphorescence. Nonradiative vibrational transitions that relax S to S occur faster than the de-excitation processes that return
S to the ground state Sg. The most probable upward energy transition will correspond to the peak of the absorption spectrum and
the most probable downward transition to the peak of the emission spectrum. (After Cantor and Schimmel, 1980.)

example, fluorescein has an extinction coefficient at ceptionally high ¢ value of 10% cm™! mol 1!, Light
its wavelength of peak absorption of 75000 cm™! absorption by fluorochromes is extremely rapid
mol 17! (molar extinction coeffficient for a 10 mm (about 1071° s); however, light emission by fluor-

pathlength), while phycoerythrin (PE) has the ex- escence is somewhat slower and is never 100% effi-



cient. In general, the stronger the absorption of light
by an isolated molecule, the more rapid the subse-
quent emission of fluorescent radiation. The inten-
sity of the fluorescence that is emitted is propor-
tional to the extinction coefficient and the quantum
yield (¢) for that particular fluorophore. The quan-
tum yield is the ratio of photons (quanta) emitted to
photons (quanta) absorbed and numerically can
vary from 0 to 1.0. For a fluorophore in solution, the
relationship would be:

F=1,e[Clxd

where F is the total amount of fluorescence pro-
duced (light emitted), I,e[Clx is the total amount of
light absorbed by the fluorophore, which results
from Beer’s law, and in which I, is the incident light
intensity, [C] is the molar concentration and x is the
path length in centimetres.

The other processes that compete with fluor-
escence to reduce the quantum yield include inter-
nal conversion, quenching of various types and in-
tersystem crossing. All can cause the relaxation of
electrons from the excited to the ground state with-
out the emission of a photon and thereby decrease
the fraction (the quantum yield) that decays
through fluorescence. In internal conversion, en-
ergy is lost by collision with other molecules (e.g.
solvent) or through internal vibrational and rota-
tional modes (i.e. heat) within about 107! s. Colli-
sions with solute molecules that are capable of
quenching can also result in loss of fluorescence.
Aromatic fluorochromes usually have fluorescence
lifetimes (1) of 1078 to 10~ s but almost every colli-
sion with a quenching molecule such as O or I~
de-excites the excited singlet state. As quenching
molecules are usually present in great excess, colli-
sion rates are only limited by diffusion and can
approach 1078 s7! at millimolar concentrations of
quencher. Intersystem crossing occurs when an ex-
cited electron changes its spin, resulting in the ex-
cited singlet state being converted into the excited
triplet state; the latter can decay to the ground state
either by phosphorescence or by internal conver-
sion. Because the excited triplet state is at a lower
energy than the excited singlet, phosphorescence is
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Fig. 3.4 The excitation or absorption (solid line) and emission
(dotted line) spectra of a fluorochrome. The difference
between the wavelengths of the absorption (excitation) and
emission maxima is known as the Stokes’ shift and is always
in the direction of the longer wavelength (smaller energy).

atlonger wavelengths than fluorescence. However it
is rarely seen in solution because the phosphores-
cence lifetime is measured in seconds and is out-
competed by collisions with quenchers and internal
conversion. Photo-oxidation occurs when an elec-
tron is transferred from a light-excited donor mol-
ecule to an acceptor molecule, which in turn be-
comes reduced. This happens because the
transferred electron is less tightly bound in its excit-
ed than in its ground state.

Typically, fluorescein isothiocyanate (FITC) mol-
ecules go through the cycle of photon absorption
and emission some 30 000-40 000 times with an av-
erage excited state (fluorescence) lifetime of 4 ns
(4% 107 s) before oxidative processes favoured by
the excited state result in photobleaching. For com-
parison, a cell passes through the light beam of a
flow cytometer in 5-50 us (1 us=107%s), or of a laser
scanning cytometer in 1-10 ms (1 ms=1072s). The
intensity of emitted fluorescence is limited by the
duration of the excited state lifetime, i.e. the time
that it takes for an excited molecule to return to the
ground state from which further excitation cycles
are possible, which is a characteristic of a particular
fluorochrome and its environment. Fluorochromes
differ in their susceptibilty to photobleaching by
high-intensity illumination; in general, the resultant
fading of the fluorescence is unimportant for flow



50

D. A. McCarthy

cytometry although it can cause problems in laser
scanning cytometry. Photobleaching is dependent
on the molecular oxygen reacting with either the
excited singlet or triplet state to produce singlet
oxygen, which is highly reactive. It can be retarded
by using antioxidants/antifadants such as p-
phenylenediamine, n-propyl gallate or 1,4-dia-
zobicyclo-2,2,2-octane in the mounting medium,
but it is simplest to purchase a commercial reagent
that has been formulated for use with a particular
fluophore (e.g. ProLong™, SlowFade™; Molecular
Probes). These reagents should not be used with live
cells.

The molecular environment, including factors
such as ionic strength, pH and solvent polarity, can
markedly affect the quantum yield. Therefore, to
avoid artefactual changes, solution parameters such
as the ionic strength and pH should be kept con-
stant and within the physiological range unless
there are specific reasons why they should be alter-
ed. Conjugation of a fluorochrome to protein
ligands usually favours quenching, resulting in a
decreased quantum yield. For example, coupling
FITC to an antibody decreases its quantum yield
from 0.85 to between 0.3 and 0.5. For most practical
purposes, fluorochrome-conjugated antibodies are
required that have quantum yields >0.4 when
bound to cells. The fluorescence intensity of a
fluorochrome-conjugated protein can be increased
up to a limit by increasing the number of fluoro-
chrome molecules attached to each molecule of the
protein. However, maximum brightness with fluor-
escein occurs at between two and four molecules
per molecule of protein, with greater fluorochrome
to protein ratios resulting in decreased specific
binding and increased nonspecific binding. A
mechanism that was originally known as ‘fluoroch-
roming’ can produce a marked increase in the
quantum efficiency of some dyes when they are
bound to a particular substance or occur in a par-
ticular environment. For example the intercalation
of ethidium or propidium into double-stranded
DNA and the binding of the Hoescht dyes to the
outer groove of the DNA helix increases their fluor-
escence 20- to 30-fold. Comprehensive information

on the spectra, structure and properties of fluoroch-
romes used in cytometry has been compiled by
Haugland (1994, 1996).

3.4 Energy transfer by resonance between
fluorochromes

Fluorescence resonance energy transfer (but also
known as singlet-singlet or exciton resonance en-
ergy transfer) occurs when the electronic orbitals of
two different fluorochromes interact by exciton or
coupled oscillator mechanisms so that energy ab-
sorbed by one (the donor) is passed to the other (the
acceptor), which fluoresces. Suppose the fluoro-
chrome with the higher energy absorption, i.e. lower
excitation wavelength (the donor), is excited, it will
rapidly lose energy by internal conversion until it
reaches the first excited singlet state. If the energy
that would be lost by the donor returning to the
ground state matches that of the acceptor absorp-
tion, energy transfer will occur by resonance be-
tween the donor and acceptor; as a result, the donor
is quenched and the acceptor becomes excited and
subsequently fluoresces. For resonance interactions
to happen, the wavelength of donor fluorescence
must overlap with the wavelength of acceptor ab-
sorption. Therefore, in any system capable of reson-
ance energy transfer, it is also possible for the addi-
tional process of photon emission by the donor and
subsequent photon absorption by the acceptor to
occur (Fig. 3.5). However, this does not usually hap-
pen in practice, because fluorochrome concentra-
tions > 1073 mol 1! are needed (Forster, 1959). Res-
onance energy transfer occurs best over very short
distances (approximately 2-10 nm), with an upper
limit of 60-100 nm (i.e. less than the average thick-
ness of a cell membrane), because the efficiency of
transfer is proportional to the inverse of the sixth
power of the distance separating the two fluoro-
chromes. The technique can be used to measure the
distance separating two fluorochromes and in these
applications has been termed a ‘molecular ruler’.
Practical instructions for measuring separation dis-
tances by flow cytometry and software for perform-
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Fig. 3.5 Hypothetical spectra for a pair of donor-acceptor fluorochromes suitable for resonance energy transfer.The absorption
(solid lines D1 and Al) and normal emission spectra (dotted lines D2 and A2) of the donor (D) and acceptor (A) are shown and the
decreased donor emission intensity (D3) and increased acceptor emission intensity (A3) when resonance energy transfer occurs.

Note the region of spectral overlap between the emission of the donor and absorption of the acceptor.

ing the essential calculations are available from
SoftFlow Inc.

The principle of fluorescent resonance energy
transfer has several applications in cytometry. First,
it can be used to investigate whether different anti-
gens are closely associated on the cell surface. In
these procedures one antigen is targeted with an
antibody conjugated to a potential donor fluoroch-
rome and the other is targeted by an antibody con-
jugated to a potential acceptor fluorochrome. If, by
comparison with singly labelled cells, the doubly
labelled cells have decreased donor fluorescence
and increased acceptor fluorescence, it can be de-
duced that the two antibodies, and hence the two
cell surface antigens to which they are bound, must
be sufficiently close for energy to be transferred by
resonance. Such transfer would not occur between
randomly distributed surface antigens present in
similar densities on the cell surface. Second, novel
fluorochromes have been synthesised by coupling a
dye that can be excited at a convenient wavelength,
e.g. 488 nm, to another to which energy can be
passed by resonance transfer and which in conse-
quence fluoresces at a longer wavelength than the
first (so-called tandem dyes or fluorochromes). For

instance, R-phycoerythrin (from Rhodophycae; R-
PE), which normally emits at 578 nm, has been
coupled to a number of small organic dyes (Table
3.1); see also Section 3.6.4. Although energy transfer
from the acceptor to the donor is high, typically
~90%, it is never total, so there is always some donor
fluorescence, which can give rise to high back-
grounds. Third, substrate analogues for proteases
have been synthesised in which a donor and an
acceptor dye are covalently bound to different sides
of a cleavage site in the peptide. Upon cleavage, the
separate fragments are released, leading to a de-
crease in acceptor and an increase in donor fluor-
escence (Fig. 3.6). Fourth, rare earth ions, euro-
pium, terbium or lanthanides, which have
unusually long fluorescence (phosphorescence)
lifetimes (milliseconds rather than nanoseconds),
have been coupled (as the energy donor) to
phycobiliproteins or phycobiliprotein-based tan-
dem dyes (as the acceptor). By incorporating a time
delay into the measurement of the acceptor fluor-
escence, the fluorescence resulting from resonance
energy transfer can be distinguished from back-
ground autofluorescence and acceptor fluor-
escence. These assays, which are called ‘time-
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Table 3.1 The characteristics of some phycoerythrin-based tandem dyes

Dye conjugated to phycoerythrin Tandem dye

Name Synonyms/acronyms Emission maximum (nm) Synonyms/acronyms

Sulphonylchloride  Texas Red® (TR) 613 Phycoerythrin-Texas Red® (PE-TR), Energy Coupled

rhodamine Dye (ECD™), Red613

Indodicarbocyanine Cyanin5 (Cy™5) 670 Phycoerythrin-Cyanin5 (PE-Cy™S5), Cy™-Chrome,
Tri-Color®, Red670 and Quantum Red™

Indotricarbocyanine Cyanin7 (Cy™7) 780 Phycoerythrin-Cyanin7 (PE-Cy™7)

FRET

Quenched
D
fluorescence

Enhanced
w | A
- fluorescence

‘ Arg—Glu—Ser—GIn—Asn—Tyr—Pro—Ille—Val—GIn—Lys—Arg

Normal
fluorescence

Normal
A
fluorescence

| Arg—Glu—Ser—GIn—Asn—Tyr | + [Pro—Ile—Val—Gln—Lys—Arg

Fig. 3.6 The principle of abrogating fluorescence resonance energy transfer (FRET) in the assay of intracellular proteases. In the
uncleaved peptide, the donor (D) fluorescence intensity is quenched and the acceptor (A) fluorescence intensity is enhanced; on
cleavage the fragments are no longer held in close proximity and the normal fluorescence intensity of both donor and acceptor

fluorochrome is restored.

resolved-fluorescence energy transfer’, have not yet
been widely used (see also Ch. 17).

3.5 Fluorochrome options for cytometric
applications

3.5.1 Options when using instruments powered
by a single 488 nm laser

In many flow cytometers and in the laser scanning
cytometer, the light source is an air-cooled argon
laser providing 15 mW at 488 nm. Optical filters are
used to select the wavelengths of emitted (fluor-
escent) light that reach the various photomulti-
pliers and the fluorescence detectors are usually
numbered sequentially starting from the lowest
wavelength. Instruments with a single 488 nm laser,

such as the FACScan™, Research FACScan™ and
FACStar™ (BD Biosciences) or EPICS® XL
(Beckman Coulter), usually have three or four fluor-
escence detectors. For instance, the FACScan™
with three/four detection channels collects light at
530+30 nm (FL1), 585+42nm (FL2), 616+60 nm
(FL4) and >670 nm (FL3), using band-pass (FL1,
FL2 and FL4) and long-pass (FL3) filters. By com-
parison, the EPICS® XL with four fluorescence de-
tectors collects light at 525+25 nm (FL1), 575+
25nm (FL2), 620+25 nm (FL3) and 675+25 nm
(FL4). Where instruments are powered by a single
488 nm argon laser, it would be desirable to have
fluorochromes that could be excited at the same
(488 nm) wavelength but which fluoresced at differ-
ent wavelengths. Unfortunately, it is not easy to find
many dyes with these characteristics. Furthermore,
the fluorescence intensity obtainable from a



fluorochrome under these circumstances is very of-
ten limited because it has to be excited at a
wavelength (488 nm) away from its absorption (ex-
citation) maximum.

Interference filters are very efficient in selecting
the wavelengths of emitted light to be collected by a
particular detector, but most fluorochromes emit
over a wavelength range that is much wider than
that selected by the filter. For instance, although
most of the light emitted from FITC will be collected
in the FL1 channel, some of it will also be of suffi-
ciently long wavelength to pass through the filter
(FL2) intended to collect PE emissions. Similarly,
some of the light emitted by PE will be detected in
the FL3 channel and a lesser amount in the FL1
channel. If more than one fluorochrome is being
analysed, some correction for the ‘spillover’ of the
fluorescence from one fluorochrome into the chan-
nel intended to detect another has to be made by
electronically subtracting a proportion of one fluor-
escence signal from the other, a procedure called
‘compensation’. This may be done either during or
after (Bagwell and Adams, 1990) data acquisition
(see also Section 1.8; Roederer, 1999; and the inter-
net references given at the end of this chapter).
Compensation during acquisition is set most easily
by using a mixture comprising beads that are un-
labelled and that have been singly labelled with
each of the different fluorochromes, e.g. Quantibrite
or Calibrite (BD Biosciences), Quantum Series
(Flow Cytometry Standard Corporation), Compen-
Flow Flow Cytometry Compensation Kit (Molecular
Probes), or QIFI kit (Dako), but final adjustments
should done using cells (e.g. lymphocytes) with
antigens (e.g. CD3, CD4 and CD8) labelled in the
relevant colours.

FITC and PE are a good combination for two-
colour immunolabelling provided that the spectral
overlap of FITC is subtracted from the PE channel
and vice versa. Those fluorochromes with narrow
bandwidths, such as the BODIPY® dyes (see Section
3.6.1), are particularly useful for multicolour immu-
nolabelling. For immunolabelling using three col-
ours, FITC (FL1), PE (FL2) and peridinin—chloro-
phyll a complex (PerCP) or a tandem conjugate
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such as PE-indodicarbocyanine (PE-Cy™5) (FL3)
can be used. Many pre-mixed reagents comprising
three antibody conjugates of different colour are
commercially available, e.g. TriTest™ comprising
FITC-CD3/PE-CD8/PerCP-CD45 (BD Biosciences).
Four-colour immunolabelling is normally achieved
using FITC (FL1), PE (FL2), PE-Texas Red® (PE-TR)
(FL3) and either PE-Cy™5, PerCP, or PE-indot-
ricarbocyanine (PE-Cy™?7) (FL4), although of the
last three, PE-Cy™7 is most easily discriminated
because its emission goes further into the long red
region. In order that PerCP, Cy™7 or any of the
tandem conjugates of Cy™7 can be detected effec-
tively, it is necessary that the cytometer be equipped
with one of the more recent photomultipliers (e.g.
R3696; Hamamatsu Photonics K.K), which have
good performance in the long red region of the
spectrum. It is also necessary that the instrument
software allows compensation to be set for four-
colour analysis.

When both fluorescence intensities and signal to
noise ratios are taken into account, PE antibody
conjugates are about five- to tenfold more sensitive
than comparable FITC antibody conjugates, which
are in turn more sensitive than tandem dye anti-
body conjugates (PE-Cy™3, PE-Cy™S5) and PerCP.
In general, in multicolour combinations, the more
weakly expressed antigens are best stained with PE
and the more highly expressed antigens are best
stained with tandem dyes or PerCP.

Tables 3.2 and 3.3 list those fluorochromes useful
for immunolabelling and functional analysis, re-
spectively, which can be excited at 488 nm and
detected in basic instruments with three or four
fluorescence detection channels.

3.5.2 Options when using instruments with
excitation at multiple wavelengths

Four is the maximum number of different fluoroch-
romes that can satisfactorily be detected at present
on a single cell by instruments powered by a single
laser emitting at 488 nm. As it would be an advan-
tage in many situations to be able to measure addi-
tional parameters, some flow cytometers have an
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Table 3.2 Fluorochromes used for conjugation, for example to antibodies, that can be excited at 488 nm and
are detectable in basic instruments with three or four fluorescence detection channels®

Filter peak transmission

Wavelength (nm)

Channel (typical wavelengths; nm) Fluorochrome Excitation Emission

FL1 (green) 530 BP FITC 492 516-525
Cy™3 512,552 565, 615
BODIPY® FL 503 512
Alexa™ 488 494 519

FL2 (orange) 575-585 BP R-PE 480, 545 575
B-PE 480, 565 578

FL3 (red)? 620 BP or > 650 LP PE-TR 480, 565 613

FL4 (long red) 675 BP or > 675 LP PE-Cy™5 480, 565, 650 667
PerCP 490 675
PE-Cy™7 480, 565, 743 767

BP, band-pass; LP, long-pass; FITC, fluorescein isothiocyanate; B-PE, bacterial phycoerythrin; PE-Cy™S5,
phycoerythrin-indodicarbocyanine (also called CyChrome™, Tri-Color®, Red670 and Quantum Red™); PE-Cy™7,
phycoerythrin-indotricarbocyanine; PE-TR, phycoerythrin-Texas Red® (also called ECD™, Coulter Red613); PerCP,
peridinin-chlorophyll a complex; R-PE, Rhodophycae phycoerythrin.

“Where there are only three fluorescence detectors, FL3 will normally detect fluorochromes emitting in the red and the long red

wavelengths, using, for example, a 650 nm long-pass filter.

additional laser(s) that can be used to excite other
dyes at different wavelengths. For example, the EPI-
CS®XL and EPICS® XL-MCL (Beckman Coulter), the
FACScan™, FACS Calibur™ I and II, FACStar™
PLUS and FACS Vantage™ SE I and IT and LSR* (BD
Immunocytometry Systems) can have a second
and, in some instances, a third laser, while the
MoFlo® high speed cell sorter (Cytomation Inc., CO,
USA) has four lasers. The most common additional
lasers are a helium-neon providing excitation at 633
nm and a helium-cadmium providing excitation at
325 nm, although the FACSVantage™ with Turbo-
Sort® has a 560-640 nm dye-tunable laser. In instru-
ments with multiple lasers, the beams may be fo-
cused at the same point in the flow stream, or
parallel beams may be focused at different levels
with an electronic time delay (typically 10-15 ps)
used to correlate emissions from a single cell. Just a
few cytometers (e.g. older Becton Dickinson and
Ortho Diagnostics instruments and the BioRad
BRYTE HS) use mercury or xenon arc lamps, which
provide illumination across a wide range of
wavelengths, the former with additional peaks at

366, 405, 436, 546 and 578 nm. Instruments in which
fluorochromes can be excited at additional
wavelengths are considerably more versatile but
they require stringent alignment. Usually two fluor-
escence detectors are associated with each addi-
tional laser, and different filter combinations can be
used to divide the emitted wavelengths as required.
It is, for various reasons (e.g. electronic limitations,
energy transfer between fluorochromes), often not
feasible to use all of the possible combinations at
once. At present, four-colour analysis is routine and
five- or six-colour analysis can be readily achieved.
This may require somewhat narrower filter band-
widths and, depending on the configuration, inter-
laser compensation may be needed to ensure ad-
equate discrimination when using tandem dyes that
can be excited by both lasers. Fluorescent stains
that can be excited at these additional wavelengths
are listed in Table 3.4.

Possible fluorochromes that might be detected in
the different channels of a FACScan™ or FACS
Calibur™ equipped with 488 nm argon and 633 nm
helium-neon lasers, four colour detectors and inter-



Fluorescence and fluorochromes

55

Table 3.3 Functional stains that can be excited at 488 nm and are detectable in basic instruments with three

or four fluorescence channels®

Channel Fluorochrome Use Excitation (nm) Emission (nm)
FL1 (green) Acridine orange DNA 500 526
RNA 460 650
BCECF Membrane integrity; pH (load as AM ester) ~505 525 : 640
Calcein Membrane integrity (load as AM ester) 494 517
Carboxyfluorescein diacetate Membrane integrity (load as AM ester) 511 534
2',7'-Dichlorofluorescein Metabolic burst, oxidative metabolism 510 532
diacetate
DiBAC4(3) Transmembrane potential 493 516
DiOCg(3) Transmembrane potential 484 501
Fluorescein diacetate Membrane integrity (load as AM ester) 475 530
JC-1 Mitochondrial trans-membrane potential ~ 485-585 5907
PicoGreen®” Highly selective for DNA 502 523
Rhodamine 123 Mitochondrial trans-membrane potential 507 529
SYBR® Green I¢ High sensitivity DNA stain 494 521
SYTOX® Green Cell-impermeant nucleic acid stain 504 523
Thiazole orange Nucleic acid stain 453,515 530
TOTO®-1 High-affinity DNA stain 514 533
YOYO®-1 High-affinity DNA stain 491 509
FL2 (orange) Dihydroethidium Metabolic burst, oxidative metabolism 518 605
(Hydroethidine”")d
Ethidium bromide Cell-impermeant nucleic acid stain; 518 610
apoptosis
Ethidium monoazide Fluorescent photoaffinity nucleic acid label 464 625
compatible with fixation
Fluo-3, Fluo-4, Fluo-5 Calcium (load as AM ester) 464 526
Propidium iodide Cell-impermeant nucleic acid stain; viability 520 610
SNARF®-1 Intracellular pH (load as AM ester) 488-530 580 : 640
FL3 (red) 7-AAD Generally cell-impermeant nucleic acid stain 546 647
Fura Red™ Calcium (load as AM ester; fluorescence 450-500 ~660
decreases on binding)
FL4 (long  LDS-751 Nuclear DNA 543 712
red)
DRAQ5¢ Nuclear DNA 488, 514 665-780

7-AAD, 7-aminoactinomycin D; AM, acetoxy-methyl; BCECF, 2',7'-bis(2-carboxyethyl)-5,6-carboxyfluorescein; DiBAC4(3),
bis-(1,3-dibutylbarbituric acid) trimethine oxonol; DiOCg(3), 3,3'-dihexyloxacarbocyanine iodide; SNARF®-1, a
seminaphthorhodafluor dye.

“Where there are only three fluorescence detectors, FL3 will normally detect fluorochromes emitting in the red and the long red

wavelengths.

bps aggregates.

Originally intended for use in solution assays but has been successfully used in flow cytometric assays.

dAfter oxidation to ethidium.

®DRAQS5 can be excited in the ultraviolet, and at 488, 514, 568, 633 or 647 nm with increasing efficiency as the wavelengths

increase.
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Table 3.4 Fluorescent dyes that can be used in instruments with lasers providing excitation at wavelengths

other than 488 nm

Excitation/emission wavelengths (nm)

Stain

Use

340/660-670
340/750-790
340/570-590
346/442
346/401 : 475
350/461

352/461

353/442

358/461
365/420-440, 500-580
365, 518/605
365, 535/617
400/420

431/541

431/480

445/575

445/575

480, 565, 650/670
480, 565, 743/767
490/675

491/515

491/660
500-570, 625, 650/682
512, 532/565, 615
531/554

543/712

543/571

556/573

546/647

547/570

548/579

578/603

587/602

590/607

590/617

610/639

621/634

642/661

490, 675/695
642/660

649/671

650/660

650, 755/767
743/767

Europium-APC chelate
Europium-APC-Cy™?7 chelate
Terbium-PE chelate
Alexa™ 350

Indo-1 AM

Hoechst 33342
Hoechst 33258

AMCA

DAPI

DCH loaded as ADB
Dihydroethidium (Hydroethidine™)
Propidium iodide
Cascade Blue®
Alexa™ 430

SYTOX® Blue
Chromomycin A3
Mithramycin
PE-Cy™5

PE-Cy™7

PerCP

Alexa™ 488

Alexa™ 488 APC
Cy™s5

Cy™3

Alexa™ 532

LDS-751

Texas Red®-X
Alexa™ 546

7-AAD

SYTOX® Orange
SNARF®-1

Alexa™ 568

Texas Red®

LDS-751

Alexa™ 594
Oxonol-V

SYTO® 17
TO-PRO™-3
PerCP-Cy™5.5 (TruRed)
TOTO®-3

DiSC.(5)

APC

APC-Cy™7 (PharRed)
Cy™7

Conjugation to proteins
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins

Calcium concentrations

Vital DNA stain; AT selective

Vital DNA stain; AT selective
Conjugation to proteins and nucleic acids
Vital DNA stain; AT selective

pH measurement (ratiometric procedure)
Metabolic burst, oxidative metabolism
Impermeant DNA stain; viability
Conjugation to proteins but high nonspecific binding
Conjugation to proteins

DNA stain

DNA stain; GC selective

DNA stain; GC selective
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins

As a vital DNA stain

Conjugation to proteins
Conjugation to proteins
Impermeant DNA stain; GC selective
DNA stain

pH measurement

Conjugation to proteins
Conjugation to proteins

As avital RNA stain

Conjugation to proteins
Transmembrane potential

DNA stain

Moderately high-affinity DNA stain
Conjugation to proteins

High affinity DNA stain
Transmembrane potential
Conjugation to proteins
Conjugation to proteins
Conjugation to proteins

7-AAD, 7-aminoactinomycin D; ADB, 1,4,-diacetoxy-2,3,-dicyanobenzene; AMCA, 7-amino-4-methylcoumarin-3-acetic acid; APC,

allophycocyanin; Cy™S3, cyanin3; Cy™S5, cyanin5; Cy™7, cyanin7; DAPI, 4',6-diamidino-2-phenylindole; DCH, 2,3-dicyanohydroquinone;

DiSC:(5), a thia carbocyanine dye; PE, phycoerythrin; PerCP, peridinin—chlorophyll @ complex protein; SNARF®-1, a seminaphthorhodafluor dye;

SYTO® 17, a cell-permeant cyanine dye; SYTOX® Blue, a cell-impermeant cyanine dye; TO-PRO™-3, a monomeric cyanine dye; TOTO®-3, a

dimeric cyanine dye.
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Table 3.5 Fluorochromes which might be used for four-colour fluorescence in a FACScan™ or FACS

Calibur™ equipped with 488 and 633 nm excitation®

Channel Wavelengths (nm) Fluorochrome

FL1 530+ 30 Alexa™ 488, BODIPY® FL, calcein, DTAF, FITC, Fluo-3, rhodamine 123, TOTO®-1,
TO-PRO™-1,

FL2 585+42 Cy™3, PE, PI

FL3 > 670 PerCP, PerCP-Cy™s5, PE-Cy™S5, PE-Cy™?7, PE-TR, APC%, APC-Cy™7%

FL4 660+ 30 APCY Cy™s5% TOTO®-3%, TO-PRO™.-3%

BODIPY® FL, 4,4-difluor-4-bora-3a,4a-diaza-s-indacene-3-propionicacid; Cy™3, cyanin3 (indocarbocyanine); DTAF, fluorescein

dichlorotriazine; FITC, fluorescein isothiocyanate; PE, phycoerythrin; PE-TR, phycoerythrin-Texas Red®; PI, propidium iodide;
TO-PRO™:-1 and TO-PRO™-3, are monomeric cyanine dyes with different spectral properties; TOTO®-1 and TOTO®-3, dimeric
cyanine dyes with different spectral properties; other abbreviations as in Table 3.2.

“Excited by 633 nm laser, others excited at 488 nm.

laser compensation are listed in Table 3.5. Some
common combinations would be, FITC /PE/Quan-
tum Red™/allophycocyanin (APC), FITC/PE/
PerCP/Cy™S5 or FITC/PE/PI/APC.

3.6 The characteristics of fluorochromes used for
conjugating to antibodies and other proteins

FITC and PE have been very widely used to label
antibodies to provide a first and second colour,
while tandem dyes based on PE and PerCP have
been used somewhat less widely to provide a third
or fourth colour that can be excited by an argon
laser at 488 nm. Tetramethylrhodamine and Texas
Red®, which are commonly used in conventional
immunofluorescence microscopy, have not been
widely used because they are excited poorly at 488
nm. However, Cy™5, APC, APC-Cy™7 and, to a
lesser extent, Texas Red® have been used to provide
an extra colour for immunofluorescence analysis in
those instruments equipped with an additional
laser(s) emitting in the 550-650 nm range. The only
fluorochromes currently available for labelling pro-
teins that can be excited in the ultraviolet are
Alexa™ 350 (see below), derivatives of 7-amino-
coumarin, (e.g. 7-amino-4-methylcoumarin-3-
acetic acid; AMCA) and Cascade Blue®. However
there have been reports of high nonspecific binding
with Cascade Blue®-labelled proteins and it is cur-

rently not recommended for flow cytometry. Most
commercially available antibodies can be obtained
as FITC or PE conjugates and a good proportion can
be obtained conjugated to APC, PerCP or to one of
the tandem dyes. Few however can be obtained
conjugated to Texas Red® (Fig. 3.7C), the Alexa™
dyes, AMCA or Cascade Blue®, but these fluoroch-
romes can usually be purchased already conjugated
to anti-species immunoglobulins or to avidin or
streptavidin for use in indirect labelling procedures.
The structures of some small fluorochromes are
illustrated in Fig. 3.7.

3.6.1 Fluorescein, fluorescein derivatives and
substitutes

FITC, molecular weight 389 (excitation/emission
maxima ~495/520 nm) is one of the most widely
used labelling reagents (Fig. 3.7A). It can readily be
conjugated to proteins, giving derivatives that are
reasonably stable with a high quantum yield (~0.5)
and an absorption peak that is close to the 488 nm
line of argon lasers. It has generally been the
fluorochrome of choice for single-colour staining
but its rather broad emission is a disadvantage for
multicolour applications. Other drawbacks include
its high rate of photobleaching and its pH-sensitive
fluorescence, which is maximal at pH 8-9. A numb-
er of fluorescein derivatives that have the same
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SO, Na'

Fig. 3.7 Structure of some small flurochromes used for
labelling proteins. (A) Fluorescein: R'= -N=C=Sand R*=H in
fluorescein 5-isothiocyanate (FITC isomer I, the more
commonly used isomer) and R'=Hand R®= -N=C=S in
fluorescein 6-isothiocyanate (FITC isomer II). (B)
4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
propionic acid sulphosuccimidyl ester (BODIPY® FL, SSE). (C)
Texas Red® sulphonyl chloride (mixed 2- and 4- isomers). See
Fig. 3.8 for the details of conjugation reactions.

spectral characteristics as fluorescein yield more
stable antibody and protein conjugates with higher
fluorescence intensities, e.g. dichlorotriazinylamino
fluorescein (DTAF), carboxyfluorescein and 2',7'-
difluorofluorescein (Oregon Green™ 488). The
BODIPY® series of fluorochromes (4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene derivatives) have
largely similar spectral properties to more
commonly known dyes (Fig. 3.7B). BODIPY® FL
(BODIPY-3-propionic acid) is a ‘fluorescein substi-
tute’ (excitation/emission maxima ~503/512 nm)
that differs structurally from fluorescein and has a
smaller Stokes’ shift. It is, however, less pH sensitive
and has a higher fluorescence intensity than FITC
(Fig. 3.7B). Alexa™ 488 (excitation/emission maxi-
ma 494/519 nm) is another more photostable and
brighter alternative to FITC. Again, it is only one of a
range of new dyes, which also includes, Alexa™ 350,
Alexa™ 430, Alexa™ 532, Alexa™ 546, Alexa™ 568
and Alexa™ 594; these are named for the laser spec-
tral lines by which they are optimally excited (ap-
proximate peak absorptions) and have peak
emissions at 442, 541, 554, 573, 603 and 617 nm,
respectively.

3.6.2 Phycobiliproteins (phycoerythrin,
allophycocyanin and CryptoFluor™ dyes)

Phycobiliproteins are components of photosyn-
thetic systems comprising multiple tetrapyrole
groups covalently attached to a protein; these are
responsible for trapping light and passing the en-
ergy to chlorophyll by resonance energy transfer.
They absorb light maximally between 470 and 650
nm and transmit the energy to chlorophyll at 670
nm. Their high extinction coeflicients (e.g. bacterial
PE (B-PE), 2.4 x 10% cm™! mol I™!) and high quantum
yields (e.g. B-PE, 0.98) result in high fluorescence
intensities, with the result that their conjugates are
often the most sensitive probes available. It has
even proved possible to detect single molecules of
PE in a specialised flow cytometer using exception-
ally slow flow rates and photon counting detection
(Nguyen et al., 1987). The detection limit in a con-



ventional instrument under normal operating con-
ditions is probably between 500 and 1000 fluoroch-
rome molecules per cell. On a molar basis, the fluor-
escence of phycobiliproteins is about 30-fold
stronger than fluorescein, but in practical applica-
tions such as cytometry, phycobiliprotein-labelled
antibodies give fluorescence intensities that are be-
tween five- and tenfold greater than that of the
corresponding fluorescein-labelled antibody. The
fact that they absorb light over a broad range of
wavelengths and can be excited at a number of
different wavelengths has proved useful for both
single (488 nm) and multiple laser applications.
Phycobiliproteins have only a small Stokes’ shift but
their fluorescence can be readily distinguished from
that of FITC. The most commonly encountered
phycobiliproteins are B-PE, a 241 kDa water-soluble
protein from cyanobacteria (excitation/emission
maxima 546, 565/575 nm); R-PE, a 196 kDa (~19 nm
by ~6 nm) protein from eukaryotic red algae (excita-
tion/emission maxima 480, 546, 565/578 nm); and
APC a 104 kDa protein (excitation/emission maxi-
ma 650/660 nm). R-PE has four phycoerythrobulin
(absorption maximum ~565 nm) chromophores
and a phycourobilin (absorption maximum
~498 nm) chromophore, which contribute to the
main absorbance peak at 565 nm. APC is obtained
from a cyanobacterium and has phycocyanobulin
(absorption maximum ~650 nm) chromophores (six
copies per molecule) and can be excited with the
633 nm line from helium-neon lasers in flow
cytometers or by the 647 nm line from argon-kryp-
ton lasers in scanning microscopes. PEs and APC
are quite large molecules and their size can steri-
cally hinder binding when conjugated to proteins.
This can also lead to high background staining if
fixed and/or permeabilised cells are not adequately
washed free of excess PE or APC antibody conju-
gates. Commercial PE antibody conjugates usually
have about one molecule of PE per molecule of
antibody and should not be frozen but stored at 4°C
with 0.1% sodium azide. The CryptoFluor™ dyes,
~30-43 kDa, (absorption/emission maxima 545-
645/576-658 nm) (Martek Biosciences), which are
phycobiliproteins isolated from cryptomonads,
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may provide a useful alternative to PE where its
large size is a problem.

3.6.3 Peridinin-chlorophyll a complex

PerCP (excitation/emission maxima 488/677 nm) is
a water-soluble, 35 kDa, photosynthetic pigment
obtained from dinoflagellates. It has a high quan-
tum yield (~1) and can be conjugated to antibodies
to provide third colour or fourth colour. Its main
advantage over tandem dyes is the constancy of its
emission spectrum and its limited spectral overlap
with PE. However, it is light sensitive and must be
kept dark to minimise photodecomposition and is
not recommended for use with stream-in-air flow
cytometers.

3.6.4 Tandem dyes

Tandem dyes are conjugates of two fluorochromes
(e.g. PE-APC, PE-TR, APC-Cy™7, PE-TR (ECD™).
Coulter Red613 (emission maximum 613 nm) was
one of the earliest tandem dyes, but production
problems have lead to it being largely replaced by
PE-Cy™5 (CyChrome™, Tri-Color™, Red670 or
Quantum Red™; emission maximum 667 nm). All
PE-based tandem dyes have significant spectral
overlap with PE. They require larger compensation
settings than other dyes and the amount of correc-
tion needed varies from lot to lot depending on the
efficiency of resonance transfer in that particular
tandem conjugate. Hence considerable more care is
needed when setting the compensation for multi-
colour work. It is also important that they are not
exposed to light or other conditions that would
break the coupling between the two dyes because, if
so, the PE component will emit in its usual wave-
length range instead of at the longer wavelengths
expected for the tandem.

PE-Cy™5 is one of the brightest tandem dyes
currently available, because Cy™5 has a high ex-
tinction coefficient (~2x 10° cm™ mol I™!) and its
absorption maximum at 652 nm is optimal for res-
onance transfer from PE. Optimum labelling effi-
ciency occurs when between five and eight Cy™5
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Fig. 3.8 The reactions of a primary amine with an isothiocyanate, a succimidyl ester and a sulphonyl chloride.

molecules are coupled to each PE molecule. PE-
Cy™5 requires less compensation from PE than
does PE-TR because of its greater Stokes’ shift; in
commercially available antibody conjugates it is
normally present in a fluorochrome-to-antibody
molar ratio of 1 : 1. For these reasons, it is generally
claimed to be the best third colour for immu-
nolabelling. However, its conjugates must be used
with care because PE-Cy™5 is irreversibly de-
graded by ambient light in <1 h and shows high
nonspecific binding to monocytes. PE- Cy™S5 is not
recommended for dual laser work where excitation
by both lasers is possible unless there is an inter-
laser compensating circuit. The recently produced
Alexa™ 488-APC (green fluorescent Alexa™ cross-
linked to APC, Molecular Probes) can be excited at
488 nm leading to emission at ~660 nm, thus pro-
viding a third colour for use in cytometers powered
by a single 488 nm laser.

Taking this concept to the extreme, Martek Bio-
sciences have produced supramolecular complexes,
denoted PBXL™ fluors, containing many crosslin-
ked phycobiliprotein subunits. For example,
PBXL™-1 comprises B-PE, R-phycocyanin and
APG; it can be excited at 488 nm and emits at 660
nm. The fluorochromes that can be conjugated to
antibodies, streptavidin, biotin, etc. are the
brightest labels currently available; they should
have potential in the study of weakly expressed cell
surface antigens where their large size would not be
an impediment to binding.

3.7 Coupling fluorochromes to antibodies or
other proteins

When a fluorochrome-labelled antibody (or other
protein) is needed but cannot be obtained commer-



cially, it is possible to produce one by directly coup-
ling a fluorochrome to the unlabelled antibody (or
protein) in the laboratory (Haugland, 1995). Only
purified antibodies (or proteins) should be con-
jugated with fluorochromes, because higher non-
specific binding will be given by other components
present in antiserum or fractionated protein mix-
tures. If purified antibodies are unavailable, they
can be isolated fairly easily from immune serum,
culture supernatants or ascites fluids using com-
mercially obtainable reagents and/or kits (e.g. Im-
munoPure® Plus; Pierce). A reactive form of the
fluorochrome, usually the isothiocyanate, the suc-
cinimidyl ester or, less frequently, the sulphonyl
chloride (Fig. 3.8) is used in the coupling reactions.
All of these derivatives react with the amine groups
on the N-terminus or with e-amino group of lysine
residues in proteins; reactions with the isothiocyan-
ates usually require a pH>9 but those with the
succinimidyl ester can be usually done at a pH of
~8.5.

PE is most easily conjugated to antibodies (and
other proteins) by using its reactive pyridyldisulph-
ide derivative or by crosslinking (e.g. Protein-Pro-
tein Crosslinking Kit; Molecular Probes). For each
fluorochrome-protein combination, there is an op-
timum range of substitution; overconjugation may
lead to decreased affinity and higher nonspecific
binding, while underconjugation may lead to insuf-
ficient sensitivity. Substitution levels can easily be
determined by absorbance spectroscopy.

Reactive derivatives of fluorochromes are also
available with aliphatic spacers between the
fluorochrome and the reactive group, which reduc-
es steric hindrance and allows adduct formation
with recessed amine groups as well as with those
that are more accessible on the surface. Various
reactive derivatives of fluorochromes as well as
complete reagent kits for conjugating to antibodies
are available commercially, e.g. QuickTag Conjuga-
tion Kit (Boehringer Mannheim); Calbiochem;
ProZyme Inc.; Alexa™ protein labelling kits (Mol-
ecular Probes). Some of the reagent kits enable con-
jugations to be completed in 1 h at room tempera-
ture without the need for gel filtration or dialysis.
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3.8 Linking antibodies to fluorochromes through
protein A or G, avidin- or streptavidin-biotin
links

An alternative to directly conjugating antibodies
with fluorochromes is to link the two indirectly
through protein A or protein G, or through an
avidin- or streptavidin-biotin bridge. FITC-labelled
protein A can be used instead of a fluorochrome-
labelled secondary antibody in indirect labelling
procedures, or biotin-labelled protein G can be used
as a bridge between the unlabelled primary anti-
body and any of the wide range of fluorochrome-
avidin or fluorochrome-streptavidin conjugates
that are available. Avidin-biotin and streptavidin—
biotin interactions are very useful in immunolabell-
ing because they can occur with high specificity and
affinity. Avidin is a 66 kDa glycoprotein with an
isoelectric point (p) ~10.5; it is, therefore, basic (i.e.
positively charged) and can interact nonspecifically
with negatively charged cell components (e.g. nu-
cleic acids and polysaccharides), which sometimes
causes a high background. Streptavidin is the bac-
terial counterpart; it is a 60 kDa nonglycosylated
protein with an isoelectric point near pH 7.0, which
generally results in less nonspecific binding than
avidin. However, it does contain a homologue, Arg-
Tyr-Asp, of the recognition sequence Arg-Gly-Asp
that binds integrins and this may give rise to high
backgrounds under certain circumstances. Both
avidin and streptavidin bind four molecules of bi-
otin per molecule with an affinity constant (K, of
~10" mol I\ Labelling antibodies with biotin is
simple and can be done with several different reac-
tive derivatives that will attach to amine, sulphydryl,
carboxyl or carbohydrate groups (Haugland and
You, 1995). As with fluorochromes, some derivatives
can be obtained with an aliphatic spacer between
biotin and the reactive group, which can enhance
coupling to less accessible sites.
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3C1 R

Fig. 3.9 Structures of some nucleic acid-binding dyes. (A)
Ethidium bromide (n=1 and X =Br) and the cell-permeant
dye hexidium iodide (n=5 and X=1). (B) Propidium iodide.
(C) Hoechst dyes, R=OH in Hoechst 33258 and R= OCH,CH3
in Hoechst 33342.

3.9 Fluorescent dyes for labelling nucleic acids

Currently there is no dye available that will specifi-
cally label RNA as opposed to DNA. The most useful
RNA stains are pyronin-Y and thiazole orange,
which have absorption maxima, respectively, at 540
and 510 nm; therefore both can be excited by argon
lasers with outputs at 488 nm and 514 nm. Pyronin-
Y also binds to DNA and glycosaminoglycans but
about 75% of the fluorescence from stained cells
can be abolished by treatment with RNAase.
Thiazole orange has a higher quantum yield when

bound to RNA than DNA but shows a marked pref-
erence for AT-rich regions when binding to DNA.
There are a number of dyes available for staining
DNA (for reviews, see Latt and Langlois, 1990; Wag-
goner, 1990). The dyes commonly used to stain DNA
will also bind to RNA; therefore when quantifying
DNA, e.g. for cell cycle analysis, it is usual to treat
fixed samples with RNAase (50-100 pg ml™) to
avoid fluorescence from the dyes binding to RNA.
The structures of some dyes binding to nucleic acid
are given in Fig. 3.9.

3.9.1 7-Aminoactinomycin D

7-Aminoactinomycin D (7-ADD; molecular weight
1270; excitation/emission maxima ~500, ~580/~660
nm) is excluded from live cells and like PI can be
used to label the DNA of dead cells in which it
preferentially binds to GC-rich regions. Its quantum
efficiency is low (0.035) but because it can be excit-
ed by a 488 nm laser it is used in conjunction with
FITC and PE when a measurement of DNA content
is required in the context of two-colour immuno-
fluorescence. However, DNA distributions are
broader than with the Hoechst dyes.

3.9.2 4',6-Diamidino-2-phenylindole

4',6-Diamidino-2-phenylindole (DAPI) has similar
properties to the Hoechst dyes and is also AT speci-
fic (see below).

3.9.3 DRAQ5

DRAQ5 is synthetic anthroquinone (1,5-bis{[2-
(methylamino)ethyllamino}-4,8-dihydroxyan-
thracene-9,10-dione) that enters living or dead cells
and binds strongly by intercalation to DNA. It is
optimally excited by red light (excitation maximum
~650 nm) and emits in the far-red to short infrared
(from ~665 to beyond 780 nm); it can also be excited
suboptimally by the 488 nm line of an argon laser
and in the ultraviolet. DRAQS5 fluorescence has been
demonstrated to reflect DNA content during the cell



cycle and, importantly, it can be used in conjunc-
tion with FITC- and PE-conjugated antibodies with-
out the need for compensation (Smith et al., 1999).
It has several advantages over LDS-751 butis not yet
available commercially.

3.9.4 Ethidium bromide and propidium iodide

Ethidium bromide (EB) (excitation/emission maxi-
ma 518/605 nm) (Fig. 3.9A) and propidium iodide
(PD) (excitation/emission maxima 535/617 nm) (Fig.
3.9B) are structurally similar but cannot be used
interchangeably. EB enters intact cells slowly but PI,
which has a higher water solubility and one more
positive charge, is excluded from cells with an intact
membrane. Consequently, PI rather than EB is used
to test membrane integrity, although EB has been
used to probe the slight increases in membrane
permeability that occur during the early stages of
apoptosis. Both dyes intercalate into double-
stranded nucleic acids with little sequence prefer-
ence. On binding, their fluorescence increases 20-
to 30-fold (hyperchrome) and is accompanied by
changes in their absorption and emission maxima.
PIwas initially introduced as an alternative to EB for
staining DNA when fluorescein/FITC was required
for staining other components because its emission
is 10-15 nm further into the red than that of EB. It
also gives lower coefficients of variation in ploidy
studies than EB. To ensure binding only to DNA,
cells need to be fixed and RNA digested with RNAase
before staining, to avoid binding to double-
stranded regions of RNA. Staining kits containing PI
and stable RNAase can be obtained commercially
(e.g. DNA stain; Beckman Coulter).

3.9.5 Hoechst 33258 and Hoechst 33342

Hoechst 33258 and Hoechst 33342 (excitation/
emission maxima ~350/460 nm) (Fig. 3.9C) are cell-
permeant dyes that bind preferentially to AT-rich
regions of DNA. They can be used for DNA quantifi-
cation but stoichiometric vital staining by Hoechst
33342 requires a concentration of 5-10 (umol 1! for
atleast 30 min, whereas concentrations of <3 (umol

Fluorescence and fluorochromes

63

I"! are sufficient for fixed or permeabilised cells.
Apopotic cells have membrane damage and show
an increased rate of dye uptake by comparison with
live cells. The dyes are best excited with the 325 nm
line of a 1-10 mW helium-cadmium laser.

3.9.6 LDS-751

LDS-751 is a cell-permeant stain that binds to both
RNA (excitation/emission maxima ~590/607 nm)
and DNA (excitation/emission maxima ~543/~712
nm) and undergoes an approximate 20-fold in-
crease in fluorescence on binding to double-
stranded DNA (Lanier and Recktenwald, 1991). It
can be used to discriminate intact nucleated cells
from non-nucleated and damaged cells, and to
identify leukocytes in whole blood. Its long
emission wavelength makes it particularly useful for
multicolour analysis in instruments equipped with
a single 488 nm laser.

3.9.7 Mithramycin

Ethanol-treated cells are permeable to the anti-
tumour antibiotic mithramycin, which forms fluor-
escent complexes with GC-rich regions of DNA but
does not bind to RNA. Optimum staining requires
50-100 pug ml~! of dye and Mg?* concentrations of
15-200 mmol I"!. Mithramycin (excitation/
emission maxima 440/575 nm) has a relatively low
quantum efficiency but can be excited by the 441
nm line from a helium-cadmium laser or the 457
nm line from an argon laser. If cells are stained with
a combination of EB and mithramycin and excited
by blue-violet light, energy absorbed by the mith-
ramcin can be transferred to EB by resonance. The
fluorescence coming from EB under these circum-
stances is then DNA specific because mithramycin
(unlike EB) does not bind to RNA.

3.9.8 SYTO® dyes

The members of the SYTO® dye series have different
spectral characteristics, some of which overlap
with FITC. A number of the SYTO® dyes are cell
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permeant and will stain nucleic acids. However they
cannot be used for DNA quantification because they
also stain other components.

3.10 Probes for cell viability and death: necrosis
and apoptosis

Cells die either by necrosis or by apoptosis and as
they do so they undergo many changes that ulti-
mately result in a total loss of biological activity.
Some of the earliest changes may be damaging but
reversible and it is often difficult to determine the
point beyond which recovery is no longer possible.
These two distinct modes of cell death were initially
characterised by light microscopy but can now also
be studied by multiparameter flow cytometry. A
wide range of different criteria have been used to
distinguish ‘live’ from ‘dead’ cells and to determine
whether cells are undergoing changes typical of
apoptosis. Criteria for viability that can be
monitored by fluorescence-based cytometry in-
clude loss of membrane integrity, esterase activity,
transmembrane potential (which requires good
membrane integrity) and ATP generation. Criteria
for apoptosis include impaired membrane integrity,
exposure of phosphatidylserine on the cell surface,
loss of mitochondrial transmembrane potential, ex-
posure of neoantigens on cytokeratins following
caspase action and DNA strand breakage. When
immunophenotyping cells, it is important to ex-
clude dead cells from the analysis because they bind
antibodies nonspecifically and may appear as a dis-
tinct subset of cells; this can cause the data to be
wrongly interpreted. For this purpose, membrane
integrity revealed by DNA staining is a reliable
single-parameter method. However, if the main ob-
ject of the study is to characterise cell death, it
would be prudent to use multiple criteria. Several
reagents and kits for monitoring viability and apo-
ptosis are available commercially (Tables 3.6 and
3.7) (for reviews, see Defrancesco, 1997, 1999). The
structures of some probes used for monitoring vi-
ability, oxidative metabolism and intracellular ion
concentrations are given in Fig. 3.10.

3.10.1 Membrane integrity

Membrane integrity can be probed using dyes or
fluorochrome-labelled antibodies that will react
with internal cell components but are normally ex-
cluded from cells that have an intact membrane.
DNA-binding dyes such as 7-AAD and PI were in-
itially used to identify cells with damaged mem-
branes but the newer DNA stains such as SYBR®-14,
YOYO®-1 and YO-PRO™-1 (Molecular Probes) can
also be used. An alternative strategy is to use dyes
that enter but do not diffuse out of live cells. These
are often supplied in the form of acetoxy-methyl
(AM) esters; these can be hydrolysed by ubiquitous
nonspecific esterases to yield the fluorescent dye,
which remains trapped within the cell. The AM es-
ters are poorly soluble in water, so they are normally
dissolved in dimethylsulphoxide as a 1-10 mmol 1!
stock solution and added to the medium at concen-
trations in the range 1-25 umol I"1. At 37°C, uptake
and hydrolysis of the AM ester is fairly rapid,
resulting in intracellular dye concentrations of
>25 umol I"! within 10 to 60 min (Haugland, 1994).
Examples detectable in the channel routinely used
for detecting fluorescein include, fluorescein dia-
cetate, 2',7'-bis(2-carboxyethyl)-5,6-carboxyfluor-
escein AM ester (BCECF-AM) (Fig. 3.10A), carboxyf-
luorescein diacetate and calcein-AM, which is prob-
ably the best because it is rapidly taken into cells and
is better retained than the others. A similar dye,
which canbe monitoredin the channelused routine-
ly for PE, is Fura-Red. These dyes can also be used to
load target cells for lymphocyte cytotoxicity assays.

Whenever it is necessary to label cells so that
viability can be determined after fixation, cells can
be incubated with ethidium monoazide, which does
not cross intact membranes but will covalently link
to any nucleic acid when photoactivated. Conse-
quently, after photoactivation, only damaged cells
will be labelled and fluoresce. An alternative is to
treat samples with Tri-Color®-labelled streptavidin
(streptavidin coupled to the tandem dye PE-Cy™5),
which specifically and irreversibly enters dead cells
and is not removed by washing, permeabilisation or
fixation (Levelt and Eichman, 1994).
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Fig. 3.10 Structures of some fluorescent functional probes. (A) 2',7'-Bis(carboxyethyl)-5-(and -6-)-carboxyfluorescein (mixed 5-
and 6-isomers of BCECF), a pH-sensitive probe. (B) 5- (and 6-)-Carboxy-2',7'-dichlorodihydrofluorescein diacetate (mixed 5- and
6-isomers of carboxy-HoDCFDA), a probe for intracellular oxidation that exhibits less leakage than DCFDA. (C) Bis-barbituric acid
oxonols (DiBAC) are slow response membrane potential dyes: 7 =1 in bis(1,3-dibutylbarbituric acid)trimethine oxonol
(DiBAC4(3)) and n=2 in in bis(1,3-dibutylbarbituric acid) pentamethine oxonol DiBAC4(5). (D) Oxa carbocyanines (DiOC) are slow
response membrane potential dyes: R= — (CH2)4CH3 and n=1 in 3,3'-dipentyloxacarbocyanine iodide (DiOCs5(3)); R = ((CH2)5CH3
and n=1 in 3,3'-dihexyloxacarbocyanine iodide (DiOCg(3)). (E) Fluo-3 is a cell-permeant Ca?* indicator; R=0" in Fluo-3, or
(OCH2COOCH3 in Fluo-3 AM (Fluo-3 acetoxy-methyl ester). (F) rhodamine 123 is a mitochondrial transmembrane probe.
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Table 3.6 Viability reagents

Supplier Reagent

Assay principle

Molecular Probes  LIVE/DEAD Viability/Cytotoxicity Kit

Molecular Probes  LIVE/DEAD BacLight Bacterial Viability

Kit

Esterase action on calcein acetoxy-methyl ester and exclusion of
ethidium homodimer I

SYBR® 9 and propidium iodide label live and dead bacteria,
respectively

Table 3.7 Apoptosis reagents

Supplier Reagent

Assay principle

YO-PRO™-1
PhiPhiLux, CaspaLux

Molecular Probes

Oncolmmunin

Selective uptake by apoptotic cells
Profluorescent caspase substrates

Oncor ApopTag® Plus In Situ Apoptosis Detection Kit TUNEL assay

PharMingen APO-BRDU™ and APO-DIRECT™ kits TUNEL assay

R&D Apoptosis detection kit Annexin V binding

R&D FlowTACS™ TUNEL assay

R &D/Trevigen DePsipher™ Mitochondrial transmembrane potential
Roche/Boehringer-Mannheim In Situ Cell Death Detection Kit TUNEL assay

Roche/Boehringer-Mannheim

Annexin-V FLUOS Staining Kit

Annexin V binding and/or exclusion of
propidium iodide

TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labelling.

3.10.2 Transmembrane potential

The interior of cells is electronegative relative to the
exterior and because the two are separated by a
membrane a measurable potential difference
(usually around 0.07 V) exists. This transmembrane
potential is created by concentration gradients of
K*, Na* and CI~ across the cell membrane, which
arise partly from the impermeability of the plasma
membrane to ions and partly from the action of
energy-dependent ion pumps located in the mem-
brane. It is, therefore, a useful indicator of cell status
and can be probed using dyes that redistribute
across membranes. Cationic carbocyanine dyes,
such as 3,3'-dihexyloxacarbocyanine iodide
(DiOCg(3)), are positively charged probes that bind
readily to negatively charged cells. DiOCg(3) can be
excited at 488 nm and its mean channel fluor-
escence, detectable in FL1, provides an indication of
the transmembrane potential. The main disadvan-
tage of DiOCg(3) is that it binds also to negatively

charged mitochondria, which can affect the inter-
pretation of results. Bis(1,3-diethyl barbituric acid
trimethine oxonol (DiBAC4(3)) is a anionic
lipophilic dye that can be used similarly to DiOCg(3)
but, because of its positive charge, does not bind to
mitochondria and is, therefore, the better dye for
measuring plasma membrane potential. Both rho-
damine 123 and DiBAC,4(3) have been widely used
for measuring transmembrane potential in bacteria
but DiBAC4(3) is probably preferable to DiOCg(3)
for mammalian cells (Shapiro, 1994). Cells must be
in protein-free media. Hyperpolarising and de-
polarising controls need to be incorporated and the
optimum conditions for dye equilibration deter-
mined. A calibration curve constructed by estab-
lishing different membrane potentials using valin-
comycin (a potassium ionophore) and buffers of
varying K* concentrations can be used to relate flu-
orescence intensity in an approximate way to the
transmembrane potential (Tanner and Welhausen,
1998).



3.10.3 Apoptosis

Phosphatidylserine

The lipids in plasma membranes are distributed
asymmetrically; consequently, in live cells phos-
phatidylserine occurs almost exclusively on the in-
ner leaflet. An early event in apoptosis (which oc-
curs after onset of chromatin condensation but
before the loss of membrane integrity) is the loss of
asymmetry and exposure of phosphatidylserine, to
which annexin V, a Ca?*-dependent phospholipid-
binding protein will bind. Phosphatidylserine expo-
sure also occurs during necrosis but two-colour
staining, e.g. with PI for viability and FITC-con-
jugated annexin V, will distinguish between the two
states.

Mitochondrial transmembrane potential and
plasma membrane integrity

Rhodamine 123 is a cationic dye taken up by
mitochondria and live cells that produces a strong
green fluorescence. As cells enter the apoptotic
pathway, they lose their mitochondrial transmem-
brane potential but their plasma membrane is still
intact; therefore, they show diminished rhodamine
123 fluorescence but still exclude PI. Later on, they
have norhodamine 123 fluorescence and are unable
to exclude PI. A variant of this strategy, which ap-
pears to be a more sensitive indicator of apoptosis,
employs rhodamine 123 and EB (Ferlini et al., 1996).

DNA strand breakage

A characteristic feature of most apoptotic cells is
cleavage of chromosomal DNA by an endonuclease
at linker regions between nucleosomes. These
strand breaks can be detected in several ways. If
cells are fixed in alcohol or acetone, low-molecular-
weight DNA fragments will be lost when the cells are
washed, resulting in less DNA and hence DNA stain-
ing in apoptotic cells. Cells should not be fixed with
formaldehyde because the resultant crosslinking
prevents extraction of low-molecular-weight DNA.
Strand breaks can also be detected by using the
enzyme terminal deoxynucleotidyl transferase to
label the 3'-OH ends of broken DNA strands directly
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by the addition of dUTP nucleotides that have been
conjugated either to a fluorochrome or to another
molecule (e.g. biotin or digoxigenin) that can act as
a bridge to a fluorochrome (so-called, terminal
deoxynucleotidyl transferase dUTP nick-end labell-
ing, or TUNEL assay).

Caspase activation

The activity of certain caspases and other enzymes
associated with the apoptotic pathway can be meas-
ured with substrate analogues that produce a fluor-
escent signal after enzymic conversion, e.g. Cell-
Probe™ (Beckman Coulter) and PhiPhiLux (Onco-
Immunin) reagents.

3.11 Fluorescent dyes for the detection of
intracellular ions

Fluorochromes are available for the intracellular es-
timation of pH and detection of several biologically
important ions including Ca?*, Mg?*, Na*, K* and
CI". A requirement for these dyes is that they must
bind the target ion stoichiometrically with a disso-
ciation constant that is close to the expected in-
tracellular ion concentration and, on binding,
undergo a change in spectral properties that can be
detected. Typically this can be an increase or de-
crease in quantum yield or a shift in the absorbance
spectrum, with a concomitant shift in the emission
spectrum. Only the smallest possible amount of dye
must be used so as not to buffer the ion or sway
normal cell function, yet it must be detectable by its
fluorescence. Most ion-selective dyes are imper-
meant because they contain one or more carboxyl
groups that are charged at pH 7.3, so they are most
often introduced as cell-permeant lipophilic esters
(which masks the charge), particularly AM esters.
These are normally dissolved in dimethyl sulphox-
ide and added to the medium at concentrations in
the range 1-10 pmol 1-1. Hydrolysis within the cell
releases the ion-sensitive dye (Haugland, 1994).

3.11.1 Calcium concentrations

Calcium ions play a key regulatory role in eukaryotic



68

D. A. McCarthy

cells and very low cytoplasmic Ca®* concentrations
(100-150 nmol I or ~1077 mol 1"}) are maintained
despite much higher external concentrations (1.3
mmol 1! or ~10~3 mol I™!). A rapid influx of Ca?* into
the cytosol from the exterior, or from internal stores
(e.g. calciosomes or the sarcoplasmic reticulum), in
response to external stimuli is an important means
of transmitting signals across cell membranes. In
this, Ca?* can act as a second messenger, often
aided in this role by binding to calmodulin, a ubi-
quitous eukaryotic Ca?*-binding protein that
undergoes a conformational change on binding
Ca?*; this enables it to participate in many different
regulatory processes. Increases in cytoplasmic Ca”*
concentration are, therefore, one of the earliest in-
dicators of cellular activation following signal trans-
duction.

Two types of Ca®* indicator dye are useful for
cytometric studies; one undergoes a wavelength
shift on binding Ca?*, e.g. Indo-1 (excitation/
emission maxima: in low Ca®* 346/495 nm and in
high Ca?* 330/408 nm), and the other undergoes an
increase in fluorescence intensity on binding Ca®*,
e.g. Fluo-3 (excitation/emission maxima 506/526
nm) and its analogues. Indo-1 fluorescence is best
monitored using a ratio procedure: measurements
are made on the same cell at the two different
emission wavelengths. However, the fluorescence
of Fluo-3, Fluo-4 and Fluo-5 can be monitored in a
single channel. Fluo-4 has an increased excitation at
488 nm compared with Fluo-3, resulting in a stron-
ger fluorescence signal. Fluo-5 is an analogue of
Fluo-4 that has a lower binding affinity, making it
more suitable for detecting Ca** concentrations in
the 1 ymol 1! to 1 mmol I"! range, which would
saturate Fluo-3 and Fluo-4. All are loaded into cells
as their AM ester. The Ca?* chelator ethyleneglycol-
tetraacetic acid (EGTA), which does not cross the
plasma membrane, can be used to determine
whether external Ca* is involved in a response. A
calibration curve should be constructed in situ at
the end of the experiment using a Ca** ionophore
with Ca?* concentrations set by a Ca?>* EGTA sol-
ution.

3.11.2 Intracellular pH values

Eukaryotic cells have a large negative potential (the
transmembrane potential, see above) across their
plasma membrane, which leads to the passive in-
ward diffusion of H* and which, if uncontrolled,
would result in conditions that were too acidic for
the cell to function. Consequently the intracellular
cytoplasmic pH (pH;) of most cells is usually regu-
lated to near neutral (~pH 7.2) by one or more types
of Na'*-driven antiporters (Na*-H* exchangers).
These proteins located in the membrane use energy
stored in the Na* gradient to export H*, which has
entered by diffusion or has been produced during
metabolism. Flow cytometry has shown that there is
a strong correlation between pH; and cell prolifer-
ation, with pH; being related to stages in the cell
cycle in cells as diverse as yeasts and lymphocytes.
In cultured mammalian cells, alkalinisation to pH;
values of 7.4-7.5 is linked to cell proliferation.
Acidification to pH values of 7.1-7.2 is linked to
quiescence or to pH 6.8 to decline. An approximate-
ly linear relationship has been observed between
pH; and growth rate, at least over the pH range
7.4-7.6 in both batch and continuous cultures.

All pH indicator probes are weak acids; therefore,
their pK; must be matched to the expected range of
pH values to be measured. Three main pH indicator
dyes are available: 2,3-dicyanohydroquinone
(DCH), BCECF and carboxy-seminaphthorhodaf-
luor (SNARF®-1). DCH has a pK; of 8, an absorption
maximum in the ultraviolet and a high leakage rate;
for these reasons, it is not much used. BCECF, which
permeatesin its AM ester form, has a pK, of 7, which
makes it useful for measurements in the physiologi-
cal range. Moreover, it is confined mostly to cytosol
and is well retained, enabling measurements to be
made over 1-2 h, if necessary. It has a relatively low
quantum yield but its pH-dependent absorption
maximum at 500 nm makes it easily excitable by a
488 nm argon laser. The intensity of its emission at
520 nm increases with pH and it is normally used by
measuring the ratio of its fluorescence intensity at
~525 and >610 nm (FL1 and FL3 in a basic instru-
ment), which circumvents potential variability ow-



ing to differences in dye loading or cell size.
SNARF®-1 offers a number of avantages over BCECF
and, loaded in its AM form, is now probably the
most frequently used pH probe. Like BCECEF, it can
be excited at 488 nm, but it has greater pH-depend-
ent changes in fluorescence intensity, which occur
at two wavelengths. Increases in pH cause a de-
crease in emission intensity at ~575 nm and a con-
comitant increase at ~625 nm; therefore, ratio
measurements at the two wavelengths give better
sensitivity in the pH range 7.0 to 8.0 than can be
obtained with BCECF. When using these probes, it is
essential to establish the optimum conditions for
dye loading and to construct a pH calibration curve
using cells where the pH; has been set using buffers
of different pH values containing high K* concentra-
tions and the ionophore nigericin, which exchanges
K* for H* across membranes.

3.12 Probes for phagocytosis and oxidative
metabolism

3.12.1 Phagocytosis

The phagocytic ability of cells, e.g. neutrophils, can
be assessed in vivo using fluorochrome-labelled
latex microspheres, bacteria, zymosan or yeasts,
either alone or in conjunction with measurements
of the oxidative burst. A number of different stra-
tegies have been used. Generally, fluorescent par-
ticles that have been opsonised with serum or speci-
fic IgG are mixed with blood, or with isolated
leukocytes, in particle: cell ratios from 5:1t0 100: 1
at 37°C. Samples are taken at a defined time(s),
washed to remove unattached particles, resusp-
ended and the fluorescence from internalised and
adherent particles determined. If FITC-labelled
bacteria have been used, then after the cells have
been washed, EB (50 nug ml™1), which binds to DNA,
can be added. This will stain only the external (at-
tached but not yet internalised) bacteria, because it
cannot penetrate the phagocyte cell membrane.
Phagocytic cells that have internalised bacteria have
the fluorescence of the FITC-labelled bacteria and
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those to which bacteria are adhering fluoresce red,
partly from fluorescence energy transfer from the
FITC to the EB and partly from the fluorescence of
the EB itself binding to the bacterial DNA. Other
ways to discriminate adherent from internalised
particles at the end of the assay include adding a dye
such as trypan blue or crystal violet to the medium,
which will quench fluorescence from the external
but not the internal particles, or lowering the pH. In
the dye-quenching procedure, duplicate samples
with and without the quenching dye are analysed; in
the absence of the dye, fluorescence results from
internalised and adherent particles but in its pres-
ence it results only from internalised particles.
However, neither procedure seems to give repro-
ducible results. If it is necessary only to distinguish
phagocytic from nonphagocytic cells, the size of the
ingested particle is of little importance. If it is
necessary to score the number of particles ingested,
it is better to use small particles such as fluorescent
microspheres. If large particles such as yeasts are
used, it is not usually possible to determine how
many particles each cell has ingested, but micro-
spheres give sharper peaks in histograms of fluor-
escence intensity, corresponding to cells that have
ingested one, two, three etc. particles. Microspheres
(0.5-2.0 um), bacteria, such as Escherichia coli and
Staphylococcus aureus, and zymosan can be ob-
tained ready labelled with a number of different
fluorochromes from commercial sources (e.g. Mol-
ecular Probes). A complete diagnostic reagent kit
based on FITC-labelled E. coli can be obtained com-
mercially (e.g. Phagotest® from Orpegen Pharma;
Vibrant™ from Molecular Probes).

3.12.2 Oxidative metabolism

The intracellular production of oxidants can be de-
tected using several different dyes including, 2',7'-
dichlorodihydrofluorescin diacetate (H,DCFH-DA),
carboxy-H,DFCDA,  dihydroethidium (Hydro-
ethidine™; Prescott Labs) and dihydrorhodamine
123, all of which are nonfluorescent cell-permeant
precursors that are converted to a fluorescent form
on oxidation. HoDCFH-DA is converted by esterases
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Membrane  Deacetylation Oxidation
2.7 by esterases 2.7- 2.7-
Dichlorodihydro- 4, Dichlorodihydro- ________y,  Dichlorofluorescein
fluorescin diacetate fluorescin (fluorescent and trapped
(nonfluorescent and in cell)

trapped in cell)

Fig. 3.11 Uptake and conversion of 2',7'-dichlorodihydrofluorescin diacetate to 2',7'-dichlorodihydrofluoresin (nonfluorescent)

and its subsequent oxidation within the cell to 2',7'-dichlorofluorescein (fluorescent).

to 2',7'-dichlorofluorescin (DCFH) which is non-
fluorescent but retained in the cell. This is then
further converted by H»O, together with per-
oxidases and superoxide (O,7) produced during the
respiratory burst to 2',7'-dichlorofluorescein (DCF),
which is fluorescent and also well retained in cells
(Fig. 3.11). DCFH can also be oxidised by nitric
oxide as well as by H,0%and O,7; thisis notusually a
problem when measuring the oxidative burst in
neutrophils because they have little L-arginine. If
used in conjunction with inhibitors of the oxidative
burst (e.g. diphenylene iodinium), H,DCFH-DA can
be used to study nitric oxide production in mono-
cytes. A new dye, 1,2-diaminoanthroquinone (Mol-
ecular Probes), is nonfluorescent until it reacts with
nitric oxide, when it produces a red fluorescent pre-
cipitate that may be used to detect nitric oxide pro-
duction directly in vivo (see Ch. 7).

Hydroethidine is produced from EB by reduction
with sodium borohydride; it enters cells freely and,
on oxidation, gives EB, which intercalates into DNA
and fluoresces in the red. Cells are normally labelled
with hydroethidine for 10 min at 37°C and then
exposed to a stimulus that will provoke a respiratory
burst while the fluorescence of EB is being
monitored. If required, the H,DCFH-DA and hy-
droethidine assays can be run simultaneously.

Currently the oxidation of nonfluorescent dihyd-
rorhodamine 123 to rhodamine 123 by H,O, and
peroxidases is probably the most sensitive tech-
nique for detecting the respiratory burst because
the product is positively charged and accumulates
in mitochondria. A diagnostic reagent kit based on
unlabelled E. coli and dihydrorhodamine 123 as the

fluorogenic substrate (Phagoburst®) is obtainable
from Orpegen Pharma.

An interesting development is the Fc OxyBURST®
reagents (Molecular Probes) which comprise com-
plexes of bovine serum albumin (BSA) and anti-BSA
covalently coupled to HDDCFH-DA. After binding to
cellular Fc receptors, the immune complexes are
internalised and the nonfluorescent DCFH is
oxidised by the respiratory burst to fluorescent DCF.
As, unlike HODCFH-DA, the dye does not need to be
first processed by intracellular esterases, it is useful
for monitoring phagocytosis by monocytes or other
cells that have only low esterase activity.

3.13 Fluorochrome-labelled substrate analogues
for measuring enzyme activity

Enzymes are key cellular components; the presence
or absence of an enzyme and the level of its activity
are frequently dependent on cell type, differenti-
ation stage and/or the functional status of a cell.
Esterase and/or peroxidase activity has long been
monitored by absorbance in conventional hematol-
ogy analysis as a means of distinguishing leukocyte
classes. This principle has been extended by using
substrate analogues that enter live cells freely and
are converted enzymically into a fluorescent form
that is retained in the cell. In this way, enzyme
activity can be monitored by flow cytometry, a tech-
nique named ‘cytoenzymology’ by Beckman Coul-
ter. By using these probes in conjunction with im-
munolabelling of cell surface markers, various cell
types and subsets can be more fully characterised.



Enzyme activities for which suitable probes are
available include microsomal dealkylases, B-galac-
tosidase, B-glucuronidase, glycosidases, peptidases,
peroxidases and several caspases. The techniques
are applicable to isolated cells, cells in whole blood
and microorganisms, but it is essential that cells are
live before analysis. Commercially available re-
agents include the CellProbe™ range (Beckman
Coulter, Inc.), the PhiPhiLux resonance energy
transfer-based peptide analogues for caspases (On-
colmmunin, Inc.), and the diverse range of substra-
tes produced by Molecular Probes.

3.14 Fluorescent ligands

Ligands other than antibodies can be fluorochrome
labelled and used to detect or sort cells, or to probe
aspects of cell function (McGrath et al., 1996). Some
fluorochrome-labelled ligands of surface receptors,
e.g. N-formylmethionyl leucyl phenylalanine (Mol-
ecular Probes) and many cytokines are obtainable
commercially. The use of fluorescent ligands should
allow the time course of binding (see Section 18.7.1)
and the relative affinity and number of receptors per
cell to be determined under different conditions.
For instance, the occurrence of cytokine receptors
has been detected with biotin- or PE-labelled
cytokines. Ligand-based staining of cytokine recep-
tors can be compatible with simultaneous im-
munofluorescence staining of surface antigens such
as CD4 or CD8, enabling receptor expression on
lymphocyte subsets to be determined. Reagent kits
for staining cytokine receptors are available com-
mercially, e.g. Fluorokine™ (R & D Systems).
Several fluorescent ligands able to bind to com-
ponents of the cytoskeleton can also be obtained
commercially. Phalloidin and phallacidin are avail-
able conjugated to coumarin, fluorescein, BODIPY®
FL, Oregon Green™ 488, and rhodamine, as well as
to biotin (Molecular Probes). Fluorescent phal-
lotoxins can be used to detect filamentous actin
(F-actin); they bind well to large and small F-actin
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polymers but not to monomeric G-actin. Fluor-
escence intensity is proportional to the F-actin con-
tent of cells. Other examples include recombinant
chitin-binding proteins conjugated to fluorescein
N-hydroxysuccinimide for the detection of bacteria,
Candida albicans and other fungi, including yeasts
and spores (e.g. Bacterase™, Candidase™ and Fun-
galase™ from Anomeric™ Inc.). Many of these
ligands were developed for use originally in fluor-
escence microscopy but could also be useful for
flow and laser scanning cytometry studies.

3.15 Fluorescent dyes for measuring total protein

Total protein content can be estimated using a
number of acidic dyes that bind ionically or can
attach covalently to positively charged groups on
proteins. These dyes react mainly with amino
groups and consequently can bind to materials
other than proteins. When used in conjunction with
DNA stains, they can be useful for measuring
growth and metabolism in heterogeneous popula-
tions. For example, FITC will bind covalently to
proteins and remains attached after washing and
sulphorhodamine 101, available as FluoReporter®
Fluorometric Cell Protein Assay Kit (Molecular
Probes), forms electrostatically stable complexes at
low pH values, which can be assayed flow cytomet-
rically.

3.16 Autofluorescence

Although it has long been known that the bright
autofluorescence of eosinophils (resulting from
their cytoplasmic granules) allows them to be dis-
tinguished from other leukocytes, there have been
relatively few studies of natural fluorescence of
blood cells. A notable exception being the measure-
ment of reduced nicotinamide adenine dinucleot-
ide phosphate (NADPH) fluorescence to monitor
the respiratory burst in neutrophils. The excitation
and emission spectra of the various blood
leukocytes is largely similar but there are marked
differences in relative fluorescence intensities
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(Monici et al., 1995). In mammalian cells, intrinsic
fluorescence in the visible range arises mainly from
the pyridine and flavin nucleotides, flavin adenine
dinucleotide (FAD) and riboflavin mononucleotide
(FMN) (excitation/emission maxima 455/515 nm)
and reduced nicotinamide adenine dinucleotide
(NADH) (excitation/emission maxima 340/455
nm), although some cells will also contain por-
phyrins, including hemoglobin, which absorb in the
ultraviolet to blue region (< 430 nm) and fluoresce
in the orange to red 570-660 nm. When excited by
light at 488 nm, the autofluorescent emission at
~530 nm from unstained lymphocytes is equivalent
in intensity to that of cells which have bound
~10000 molecules of a fluoresceinated antibody; it
is autofluorescence that ultimately limits the sensi-
tivity of detection by fluorescein. If problems of
autofluorescence are encountered, they are prob-
ably best avoided by using probes that can be excit-
ed at wavelengths > 600 nm.
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3.18 INTERNET SITES

http://www.drmr.com/abcon.html

Protocols for the conjugation of antibodies with the more fre-
quently used fluorochromes (by M. Roederer).
http://www.drmr.com/compensation.html

Procedures for setting compensation for three- and four-colour
flow cytometric analysis (by M. Roederer).
http://www.cyto.purdue.edu/flowcyt/research/cytotech/

amfc/data/page9.html
A multiparameter approach to immunophenotyping: a dis-

cussion of the choice of fluorochromes and of procedures for

setting compensation for two-, three- and four-colour flow

cytometric analysis (by C. Ortolani).
http://www.probes.com

The Molecular Probes website containing the latest electronic
version of their Handbook of Fluorescent Probes and Research
Chemicals together with product information sheets, techni-
cal bulletins, materials safety data sheets, bibliographies and
search facilities.

http://fluorescence.bio-rad.com

The Bio-Rad fluorescence database, where you can obtain plots
of excitation and emmision spectra and overlay these with
filter data curves and laser lines.
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4.1 Introduction

Flow cytometry, during the 1990s has become an
integral part of diagnostic pathology. Indeed, many
pathology laboratories currently use flow cytometry
routinely to provide diagnostic and therapeutic sup-
port for clinicians treating a wide variety of malig-
nant and nonmalignant disorders. Leukaemia im-
munophenotyping and the monitoring of
lymphocyte subset counts are two of the most
common uses, while flow cytometry is being in-
creasingly used to determine the optimum time for
peripheral blood stem cell (PBSC) harvesting, as
well as for leukocyte and reticulocyte counting,
platelet analysis (e.g. Bernard-Soulier and Glan-
zmann'’s syndrome) and red cell analysis (e.g. par-
oxysmal nocturnal hemoglobinuria and feto-ma-
ternal hemorrhage). In the twenty-first century, the
flow cytometer is poised to revolutionise DNA and
RNA molecular analysis through technologies such
as multiplexing. The need to have instrument and
methodological quality control procedures in place
has become paramount as the use of the flow
cytometer increases in the clinical setting. These
procedures must be used in such a manner that they
underpin the quality of results generated and
should be performed frequently enough to identify
problem areas. Consequently, it is essential to have
both internal quality control IQC) and external
quality assessment (EQA) procedures in place. This
chapter will focus on the current issues of IQC and
EQA and highlight problems that may manifest dur-
ing flow cytometric procedures.

4.2 Internal quality control

IQC can be defined as a set of procedures that moni-
tor the instrument, analytical method and operator
performance, as well as validating the reports gen-
erated. Such procedures are generally performed on
a frequent enough basis to ensure that drift, or bias,
can be detected and they should be supported by
fully documented standard operating procedures.
IQC should be one of the first areas to be inves-
tigated once problems arise and may provide vital
clues as to the underlying error. All staff should be
made familiar with the procedures involved for IQC.
The following section highlights key areas.

4.3 Instrument quality control

Flow cytometry in the past generally required highly
trained individuals. However, the introduction of
bench-top flow cytometers into clinical laboratories
has resulted in the involvement of more junior staff,
while many hospitals rotate laboratory staff on a
regular basis. Therefore, the use of a properly con-
trolled flow cytometer will provide additional confi-
dence to individuals undergoing training. Instru-
ment control procedures should involve daily
calibration or, at the very least, every time the in-
strument is switched on. Simple protocols are avail-
able to assist the monitoring of the laser, fluidics
and optics.

Daily calibration is usually performed using com-
mercially available latex beads and biological con-
trols that will allow the operator to monitor: (i) light
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Table 4.1 Physical characteristics of various bead standards for instrument set up, calibration and antibody

binding
Typel Type I Type III
Type 0 (alignment) (reference) (calibration)
Characteristic
and use Certified blank Ia Ib ITa IIb Ilc JIIE IIb IlIc
Size relative to Equal Smaller Equal Equal Equal Equal Equal Equal Equal
lymphocytes
Population No Yes Yes No No No No No No
coefficient of
variation < 2%
Instrument No Good Good Poor No No Poor No No
alignment
Instrument No No No No Poor  Good No Poor Good
compensation
Instrument linearity No No No No No Yes No No No
Antibody binding  No No No No No Yes No No Yes
capacity
Fluorescence Very low Very  Very Bright Bright Bright Dim-bright Dim-bright Dim-bright
intensity bright bright (after
antibody
labelling)
Number of One One One One One One Multiple Multiple Multiple
fluorescence
intensity levels

See text for the basis of the categorisation.
From Schwartz et al., 1998.

scatter and fluorescence peak channel coeflicients
of variation (CVs), (ii) light and fluorescence peak
channel drift, and (iii) instrument sensitivity and
the facilitation of compensation set-up to adjust for
spectral overlap. Furthermore, biological controls,
particularly those that are ‘full process’ controls,
will assist both in the training of staff and the
monitoring of the staining process. For instrument
control, several types of bead standard are available:
(i) blank beads (type 0), (ii) alignment (type I) beads,
(iii) reference beads (type II), (iv) compensation
beads (type II/1II) and (v) calibration and antibody-
binding beads (type III) (see Table 4.1, which is
based on work by Schwartz et al. (1998)). The three
major categories established by Schwartz et al.
(1998) (type I, alignment; type II, reference; and

type III, calibration) are further subdivided accord-
ing to whether the beads are the same size or small-
er than cells (types Ib and Ia, respectively), whether
their excitation and emission spectra does (types Ila
and IIIa), or does not (types IIb and IlIb), match
those of the sample, and whether they have anti-
body-binding capacity (types IIc and IIIc). These
authors also provide a convenient list of the various
types of standard that are available from the major
suppliers for instrument set-up and calibration.

4.3.1 Type 0 beads

Type 0 beads are certified blank and have a size
similar to that of lymphocytes but with a broad CV
(> 2%). The fluorescence intensity is lower than the
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autofluorescence of labelled cells and so is used to
establish the ‘noise level” in conjunction with anti-
body-binding or calibration standards.

4.3.2 Alignment standards (type Ia and Ib)

Type Ia and Ib beads are either the same size or
smaller than cells and facilitate the verification of
fluidic and optical alignment. They are a single uni-
form population and generate CV values of < 2%.
The fluorescent intensity is usually very bright and
generally it does not match that of the tested
samples. Type I beads have limited value for the
bench top flow cytometer, since the manufacturer
will have set the alignment of such instruments, but
have an important role in the manual alignment of
the larger cell sorters. When used on a daily basis to
monitor the peak channel of detection, as well as
the CV of light scatter and fluorescence parameters,
specific information can be obtained that will alert
the operator to potential problems in these areas.

4.3.3 Reference standards (type IIa—c)

Type II beads are usually used to establish photo-
multiplier tube (PMT) settings and can also be used
to establish compensation. Daily monitoring of the
bead target channel value facilitates a consistency
check. However, type II beads have recently been
used to establish unified instrument set-up across
different platforms and, in theory, to facilitate direct
data comparison. Reference beads are homogene-
ous, with a fluorescence intensity similar to cells.
However, they have broad CV ranges, a fact that
precludes their use for alignment purposes. It
should be noted that, as with alignment beads, the
emission spectrum does not usually match that of
the samples.

4.3.4 Calibration standards (type IIIa—c)

Type III beads are required to check the linearity,
sensitivity and detection levels of each PMT and
generally have a size and fluorescence intensity
similar to stained cells. However, the emission

spectra may not necessarily match that of samples
and may not respond to microenvironmental
changes. In addition, type III beads can be used to
determine antigen density, by using either beads
with predefined amounts of fluorochrome, enabling
the fluorescence scale to be appropriately calib-
rated, or beads that specifically bind monoclonal
antibody, which can then be used to calculate the
amount of antibody bound to cells.

4.3.5 Biological controls

The final optimisation of the flow cytometer is best
achieved using biological procedural controls. The
use of assay calibration provides an important com-
ponent of IQC and facilitates the monitoring of the
relationship between measurement response and
the ‘known’ value. Unfortunately, however, no uni-
versally accepted reference material exists. Never-
theless, several commercial products are available
that provide the operator with target values to vali-
date the operating system and methodology. It is
important that such products are stable over time,
are transportable and have matrix properties that
resemble, as closely as possible, the samples under
test. An important factor in quantitative assays is
that procedural controls should reflect levels of the
cell population under study. For example, if the
laboratory routinely counts CD34* cells then the
procedural control should have CD34* counts that
reflect those usually encountered in clinical prac-
tice. In qualitative assays, the use of procedural
controls should reflect the level of cellular antigen
expression normally encountered. Most biological
controls have an antigen density similar to that
found on fresh specimens, although no procedural
controls exist for leukaemia/lymphoma immuno-
phenotyping as the diversity of such disorders
makes the selection and preparation of controls dif-
ficult. However, within a given pathological speci-
men, several normal cell phenotypes may exist that
could act as internal controls for the staining tech-
nique (Keeney et al., 1998b). Finally, the increasing
importance of monitoring minimal residual disease
in hematological malignancies has presented a new



challenge for IQC. It has been suggested that this
may be overcome by spiking malignant cells with a
unique phenotype (either antigen expression or
antigen density) into a normal blood sample (San
Miguel et al., 1997), although the concentration
should reflect the detection limit, e.g. 1 malignant
cell per 10* leukocytes.

Since the development of the first stable whole
blood preparation in the mid-1990s (Barnett et al.,
1996; Fay et al., 1994), a number of preparations are
now commercially available that can be used as full
process controls, permitting the use of lysing re-
agents and multiple colour staining, e.g. Absolute-
Control (Ortho), CD-Chex and CD-Chex Plus™ (BD
Biosciences), Fluoro-Trol™ (BioErgonomics), Im-
muno-Trol™ and Cyto-Trol™. (Beckman Coulter)
and Status Flow (R&D). Fresh normal specimens, or
cryopreserved cells, are not ideal as process controls
because of individual variability, but they may be
used for instrument set-up and for optimising com-
pensation. However, even if stable biological con-
trols are used, the final optimisation of the flow
cytometer is best achieved using freshly stained bio-
logical material. A review of some of those currently
available can be found in Bergeron et al. (1998).

4.3.6 Logging control data

It is essential that maximal use is made of the data
generated by the above quality control materials.
Data from beads and biological controls should be
logged daily, together with instrument settings. It is
important that all settings are re-established follow-
ing a change in bead or biological control batch, or
after an instrument service. The use of Levy-Jenn-
ings type plots will help highlight any potential in-
strument or methodological problem.

Time versus count and time versus fluorescence
plots provide useful information when acquiring
bead data, and it is important to compare histo-
grams on successive days. Such data can assist in
identifying errors that result from fluidic and/or
optical problems, although, since these generate in-
dividual histograms, no Levy-Jennings type plots
can be generated. Examples of using time as a par-
ameter are shown in Fig. 4.1.
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It is important, when performing IQC, to have
procedures in place that facilitate the interpretation
and troubleshooting of collected data. Unaccepta-
bility criteria should be established and remedial
action taken if values lie outside established ranges.
The use of Levy-Jennings type plots facilitates the
visual identification of trends on a daily basis. Fur-
thermore, it is important that there are procedures
in place that allow the constant review of patient
data (e.g. comparison of the previous CD4 counts)
and that, within any immunophenotyping pro-
cedure, allow consistency checks (e.g. comparison
of replicate CD3 values).

4.4 Quality control issues and pitfalls

Three areas in which problems occur in im-
munophenotyping are (i) specimen processing, (ii)
data acquisition and (iii) data analysis/reporting.

4.4.1 Specimen processing

It is important that specimens are as fresh as poss-
ible (Ekong et al., 1993b), especially when undertak-
ing antigen density quantification or cytoplasmic
staining. Several guidelines have been published
that address the issues of specimen integrity (Bar-
nett et al.,, 1997; Borowitz et al., 1997; Nicholson,
1994; Sutherland et al., 1996). Correct handling and
transportation procedures need to be established,
while the choice of anticoagulant is important.
K3EDTA (ethylenediaminetetraacetic acid, tripotas-
sium salt), for example, is preferred since it main-
tains the morphology and the flow cytometric pro-
file of the cellular components (Barnett et al., 1997;
Nicholson, 1994). Red cell lysis and cell separation
procedures are frequent causes of analytical vari-
ation (Romeu et al., 1992). Unless exposure to lytic
reagents is carefully controlled, changes in forward
angle light scatter (FALS) and side angle light scatter
(90°; SSC) patterns, quenching of fluorochromes
(particularly if aldehyde-based lysis reagents are
used) and selective cell loss may result. In contrast,
poorly lysed specimens retain red cells, which may
impair the identification of specific cell populations
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(PerCP)-conjugated CD45 displayed in a histogram of PerCP
fluorescence versus side angle light scatter (SSC) showing
lymphocyte escapees.

and produce tube-to-tube variation in forward and
side scatter patterns, making consistent gate place-
ment difficult. Inappropriate vortexing conditions
may similarly lead to tube-to-tube variation. For
example, samples treated too vigorously exhibit ex-
cessive cell debris or develop separation of
granulocyte populations. Furthermore, under-vor-
texing may result in cell doublets, termed ‘es-
capees’, that will be excluded from routine gating
strategies (Fig. 4.2) (Gratama et al., 1997a).

Centrifugation can be a major cause of cell loss
and poor final sample preparation. Excessive centri-
fugation causes cell damage and alters the FALS and
SSC characteristics, as well as increasing the level of
cell debris, while cell loss may occur during the
washing step if centrifugation is too gentle (J. Peel
and D. Barnett, unpublished observation).



4.4.2 Data acquisition

The number of events acquired and the configur-
ation of the instrument are two important variables
influencing the reproducibility of results. The con-
figuration and optimisation of the instrument has
already been discussed, although final optimisation
of the light scatter histograms may be required on
an individual sample basis. The FALS versus SSC
histogram should adjusted to facilitate the visualisa-
tion of all cell populations, with the lymphocyte
population placed approximately midway along the
x-axis. In addition, the negative cell population
should be located within the first log decade when
analysed on the fluorescence channel.

It is important that sufficient events are acquired
to facilitate accurate identification of individual cell
populations; for example, if a lymphoproliferative
disorder is being analysed, at least 5000 lymphocyte
events should be acquired, while CD34" stem cell
enumeration requires a minimum of 100 CD34*
events to ensure robust statistical analysis (Suther-
land et al., 1996). In addition, recent CD4* T lym-
phocyte enumeration guidelines recommend the
collection of at least 2500 lymphocyte events (Bar-
nett et al., 1997), while 100000 events should be
analysed when detecting minimal residual disease.

4.4.3 Data analysis

A number of variables may affect data analysis: (i)
the gating strategy and gate placement/analysis re-
gion used (Kromer and Grossmuller, 1994), (ii) the
establishment of acceptability criteria, (iii) the use
of automated gating, (iv) the use of quality control
checks (within-assay replicates), (v) the cursor
placement for isotype controls and (vi) the develop-
ment of artefactual staining patterns.

In the late 1980s, the improvement in software,
coupled with the discovery of additional fluoroch-
romes, enabled CD4* T lymphocyte identification
and characterisation by either light scatter gating
procedures or differential staining with CD45 and
CD14 (Loken et al.,, 1990). These approaches are
now recognised to have several disadvantages. First,
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a FALS/SSC gate approach does not identify gate
contaminants and may result in falsely low percen-
tage values, while the need for larger panels (i.e. up
to six tubes) increases analysis time, specimen
handling and ultimately cost. Second, it is not poss-
ible to detect tube-to-tube variation when a light
scatter gate is derived from CD45/CD14 ‘back-gat-
ing’ and, in addition, the isotype control fails to
control for CD45/CD14 staining. Therefore, it is rec-
ommended that CD4* T lymphocyte enumeration is
performed using three-colour immunophenotyping
using one of the three gating strategies highlighted
below. A summary of the evolution of current gating
techniques has been published (Mandy et al., 1997),
while the advantages and disadvantages of each
technique are detailed in the recently published
British Committee for Standards in Hematology
(BCSH) guidelines (Barnett et al., 1997).

The results issued from a laboratory will depend
on the gating strategy employed. For example, when
using the T-gating approach (Mandy et al., 1992), it
is important that values for CD4* and CD8* T lym-
phocytes are expressed as a percentage of the total T
lymphocyte population and not of the total lym-
phocyte population. The placement of the analysis
region is a further factor for consideration. If the
gate is too tight there is a possibility of excluding
relevant cells, while an overgenerous gate will in-
clude contaminating cells and result in falsely low
results (Kromer and Grossmuller, 1994). Failure to
establish acceptability criteria can lead to the re-
lease of erroneous results. Recent guidelines for
CD4* T lymphocyte enumeration have suggested
that tube-to-tube variation for replicate antigens
should be less than 3%, with monocyte contamina-
tion within a CD45/SSC gate being less than 5% and
a ‘lymphosum’ (i.e. the sum of the percentages of
the CD3*+CD19*+NK cells (natural killer: CD16*
and/or CD56" cells) being equal to 100+3% (Bar-
nett et al., 1997; Nicholson, 1994).

A similar evolution of gating strategies has occur-
red for CD34* stem cell enumeration, the most
important being the Milan (Siena et al., 1991), Mul-
house (Bender et al., 1994), the Dutch Cooperative
Study Group on Immunophenotyping of Hema-
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tological Malignancies (STHON) (Gratama et al.,
1997b) and the International Society of Hema-
totherapy and Graft Engineering (ISHAGE) stra-
tegies (Sutherland et al., 1996).

The Milan protocol is the simplest, and involves
the use of FALS and SSC to gate out red cells, debris
and cell aggregates. The gated, nucleated cell popu-
lation is then plotted on a histogram of CD34 fluor-
escence intensity versus SSC. Only CD34" events
with low SSC are used to calculate the number of
PBSC. The Mulhouse protocol is a logical develop-
ment of the Milan protocol and uses CD45* events
to identify theleukocytes. Thelatter are then plotted
as CD34 versus SSC. Only CD34" events with low
SSC are used to calculate the number of PBSCs,
expressed as a percentage of CD45" cells. The
SIHON approach incorporates a DNA/RNA laser-
excited dye (LDS-751) to identify nucleated cells
during data collection. In addition, by incorporating
antibodies directed against CD14 and CD66e,
monocytoid (CD14%) and mature myeloid (CD66e")
cells are excluded during list-mode data analysis
since false-positive staining owing to F. receptor-
mediated monoclonal antibody binding will be
eliminated. Finally, the ISHAGE approach takes ad-
vantage of the dim CD45 expression of CD34" stem
cells with low SSC and incorporates a sequential
gating strategy. Such a strategy has been adopted by
the Stem Cell Enumeration Committee of ISHAGE
(Sutherland et al., 1996) and is currently the most
popular gating strategy in the UK (Barnett et al.,
1998a).

A single-platform version of the ISHAGE protocol
has been developed, termed ‘Stem-Kit’ (Coulter-
Immunotech), in which a known concentration of
micro-beads is added to a known amount of
stained, lysed whole blood (Keeney et al., 1998a).
The absolute CD34* cell count is calculated from
the observed ratio between the number of counted
beads and CD34" cells. Finally, a single-platform,
software-driven method using a proprietary DNA/
RNA stain to threshold on nucleated cells (ProCount
kit, BD Biosciences) has been developed (Verwer
and Ward, 1997).

In contrast to CD4* T lymphocyte enumeration,

where it is accepted that CD45/SSC is the best gat-
ing strategy, it is unlikely that standardisation of
CD34* PBSC enumeration will be achieved in the
foreseeable future. As a result it has been suggested
that ‘the most effective approach to reducing inter-
laboratory variation in CD34 enumeration consists
of the adherence to consensus protocols formulated
in general terms’ (Gratama et al., 1998). These pro-
tocols, combined with real-time evaluation of per-
formance by the organisations for EQA, will assist in
ensuring that site-to-site interlaboratoryvariation is
reduced. Indeed, an Australian study reported the
results of a multicentre study to address these issues
(Chang and Ma, 1996). The major methodological
variations were the parameters used for gating
CD34* cells and the denominator used for calculat-
ing the percentage of CD34* cells (i.e. of CD45"
events or percentage of total nucleated cells). It was
concluded that less than half of participating
centres obtained reproducible results without stan-
dardisation and that, of the standardised protocols,
the ISHAGE gating strategy was the most reproduc-
ible. Additional demands on quality control will oc-
cur in the future if quantification of CD34" cell sub-
sets becomes routine because neutrophil and
platelet recovery after transplantation appears to
correlate best with CD34*/CD38* and CD34%/
CD41* subsets, respectively (Feng et al., 1998;
Novelli et al., 1998; Perey et al., 1998). The enumer-
ation of CD34* subsets will require the incorpor-
ation of a third fluorochrome, increasing further the
potential for interlaboratory variation. The findings
from a study involving 24 European sites, currently
being undertaken by the European Working Group
for Clinical Cell Analysis, are awaited.

An additional factor that may influence data
analysis is the isotype control. The value of isotype
controls, however, has been questioned (Keeney et
al., 1998b; O’Gorman and Thomas, 1999) and recent
guidelines state that CD4* T lymphocyte and CD34*
cell enumeration may be undertaken without iso-
type controls (Barnett et al., 1997; Sutherland et al.,
1997). The situation with respect to leukaemia/lym-
phoma typing is unclear. However, it is important
that isotype controls, if they are used, are matched



to the test antibody with respect to both fluoroch-
rome and antibody concentration, and that the cur-
sor is correctly placed during data analysis.

Finally, operators should be aware of the nature
of false-positive staining reactions. These may oc-
cur through the nonspecific binding of antibody by
F.receptors, often observed with acute monoblastic
leukaemias and from technical errors, for example
the use of inappropriate antibody or the inclusion of
dead cells in the analysis. Blocking the binding site,
with a preincubation step using rabbit serum, can
reduce nonspecific antibody binding via the F re-
ceptor. In addition, the identification of clonal B
lymphocyte populations, by the demonstration of
light chain restriction, may be masked by cytophilic
antibody binding. This problem can be overcome if
the immunoglobulin is removed by suspending and
subsequently washing the cells in phosphate-buf-
fered saline (PBS) at 37°C for 30 min. More recently,
this approach has been applied to whole blood
techniques with good effect. Briefly, 0.5 ml of whole
blood is suspended in 9.5 ml of PBS at 37°C for 30
min, with gentle inversion of the tube every 10 min,
followed by washing three times in PBS. Care is
needed when removing the supernatant so as not to
disturb the cell pellet, which is then resuspended in
0.5 ml PBS before analysis as for whole blood. In
addition, artefactual double staining of T lym-
phocytes (i.e. CD4*CD8") can occur in 17% of hu-
man immunodeficiency virus (HIV)-positive and
6% of normal individuals (Ekong et al., 1993a) and
may be related to a plasma/serum factor that pre-
cipitates with ammonium sulphate.

Finally, inappropriate instrument set-up can be a
source of erroneous results; this is usually attributed
to inappropriate flow cytometric compensation (for
further details see Owens and Loken, 1995).

4.5 External quality assessment

Despite the general acceptance and routine use of
immunophenotypic analysis, EQA has only recently
begun to address the important issues of quality
control and standardisation in flow cytometry. Lo-
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cal, regional, national and international EQA
schemes have now been established (Barnett et al.,
1996, 1998a; Gratama et al., 1997b,c; Johnsen and
Knudsen, 1996; Lowdell and Bainbridge, 1996; Lum-
ley et al., 1996; Paxton et al., 1989). In principle, EQA
is designed to test the whole analytical and report-
ing procedure and should be used by the laboratory
to complement their IQC activities. The nature of
EQA means that sample distribution, in most in-
stances, is restricted to four to six times per year
and, therefore, only provides a ‘snapshot’ of labora-
tory performance. Nevertheless, because EQA in-
volves many laboratories, significant information
can be obtained about the performance of specific
instrumentation as well as about the effectiveness of
specific reagents and methodological approaches.
In addition, an individual laboratory performance
can be compared over a period of time with a group
using the same technique; this, in conjunction with
IQC procedures, can be used to help to identify
specific problem areas.

Participation in an EQA scheme is currently com-
pulsory in some countries (e.g. USA and Canada)
although it remains voluntary in most European
countries. In the UK, the implementation of an ac-
creditation process for clinical pathology labora-
tories (operated by Clinical Pathology Accreditation
(UK) Ltd) has made the participation in an EQA
scheme desirable. Such accreditation processes are
also being applied to EQA schemes within the UK by
Clinical Pathology Accreditation (UK) Ltd following
the establishment of a clinical pathology accredita-
tion EQA committee.

One of the prerequisites for an EQA scheme is that
it should reflect, as closely as possible, the pro-
cedures and tests employed in the clinical labora-
tory. The materials issued should meet the same
exacting standards encountered in IQC. Further-
more, while an EQA scheme should have the ability
to identify specific problem areas it should also pro-
vide a strong educational element.

The following sections highlight three key
problem areas supported by data from UK National
External Quality Assessment Scheme (NEQAS) for
leukocyte immunophenotyping (Barnett et al.,
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1996, 1998a; Forrest and Barnett, 1989), namely (i)
reagent selection, (ii) definition of the ‘positive’
value and, more recently, (iii) absolute count enu-
meration.

4.6 Reagent selection

The commercial availability of a large number of
different specific monoclonal antibody reagents has
made interlaboratory reproducibility, and hence
EQA, difficult. A survey of routine UK laboratories in
1989 revealed a total of 86 antibodies being used as
front-line reagents for leukaemia diagnosis. Fur-
thermore, the use of monoclonal anti-myelo-
peroxidase antibody, one of the most informative
reagents (Storr et al., 1990), was frequently omitted.
The publication of the BCSH guidelines, which in-
clude recommended minimum antibody panels for
acute and chronic leukaemia immunophenotyping
(BCSH, 1994a,b), has resulted in a greater degree of
standardisation within the UK. Similarly, a recent
European consensus protocol has suggested practi-
cal two-colour reagent panels in an attempt to de-
fine a basis for cross-evaluation against the current-
ly established laboratory protocols (Rothe and
Schmitz, 1996). Many problems still remain, how-
ever, including the lack of standardisation of analy-
sis techniques, and the use of different antibody
sources, antibody dilutions, fluorochrome conju-
gates and lysing and fixation reagents.

4.6.1 Monoclonal antibody clones

Different clones of monoclonal antibodies, directed
against the same cluster of differentiation, may vary
in their ability to detect the corresponding antigen
on leukaemic cells. For example, detection of the
expression of CD34, a membrane-associated glyco-
protein found on pluripotential stem cells, lineage-
committed hematopoietic progenitors and some
mature populations of both endothelial and stromal
lineage (Civin et al., 1989; Simmons and Torok-
Storb, 1991; Terstappen et al., 1993), may be de-
pendent on the choice of reagent. It has been found

that CD34 monoclonal antibodies react with differ-
ent sites on the CD34 antigen (at least three as
defined by their sensitivity to neurominidase) and,
as a result, have different binding properties (Civin
et al., 1989; Sutherland and Keating, 1992; Suther-
land et al., 1992). The epitope recognised by B13C5
is sialic acid dependent, in contrast to that recog-
nised by ICH3. Therefore, it is not surprising that
different antibodies vary in their estimation of CD34
estimation and in their sensitivity in identifying cir-
culating hematopoietic progenitors (Siena et al,,
1991; Titley et al., 1997). Indeed, such differences in
epitope sensitivity could partly explain the conflict-
ing data on the prognostic significance of CD34*
cells in acute myeloid leukaemia (AML). For
example, several reports have correlated CD34" in
patients with AML with the failure to achieve com-
plete remission and a shorter overall survival (Cam-
pos et al.,, 1989; Geller et al., 1990), whereas others,
using a different clone, have not (Selleri et al., 1991).
The UK NEQAS for leukocyte immunophenotyping
has supportive data for an epitope effect; in a pa-
tient with AML (AML M1) 70% of laboratories using
TiiK3 obtained > 20% positive blast cells whereas
only 10% of laboratories using alternative clones
returned a value of > 20%.

The use of different panels and even clones of
monoclonal antibodies may account for the wide
variation in incidence reported for myeloid anti-
gen expression in acute and chronic lympho-
proliferative disorders. The coexpression of
myeloid- and lymphoid-associated antigens in
childhood acute lymphoblastic leukaemia is well
described, although the incidence of aberrant ex-
pression ranges from less than 5% to over 30%
(Basso et al., 1992; Cantt-Rajnoldi et al., 1991). This
discrepancy can be partly explained by the use of
different panels of monoclonal antibodies, but sig-
nificant differences still occur when comparing
antibodies to the same CD antigen. For example, in
two studies, the incidence of patients expressing
CD13 and/or CD33 was 4% and 16%, respectively
(Fink et al., 1993; Piu et al., 1991). In addition, the
expression of myeloid antigens has been reported to
be of prognostic importance by some (Basso et al.,



1992) but not all groups (Piu et al., 1990). Interest-
ingly, a further study (Howard et al., 1994) noted
that the detection of myeloid antigens in childhood
acute lymphoblastic leukaemia was dependent, in
part, on the commercial source of antibody. Similar
conflicting data have been reported for CD13 and
CD33 expression in B-cell chronic lymphocytic leu-
kaemia (Molica et al., 1991; Polliack et al., 1993).
Furthermore, CD14 was not detected by Polliack
and colleagues (1993) while others have described
between 29 and 84% of patients who were positive
(Molica et al., 1991; Morabito et al., 1987). Interest-
ingly, Pinto and colleagues (1992) demonstrated
that the CD14 epitope is only detected with the
My-4 antibody and not by other CD14 antibodies.
We have reported similar findings in chronic lym-
phatic leukaemia, where CD13 and CD33 were only
detected using a particular reagent (Reilly et al.,
1995).

4.6.2 Fluorochrome conjugates

It is important that the correct choice of fluoroch-
rome-conjugated antibody is made. For example, it
has been reported that cells directly labelled with
fluorescein isothiocyanate (FITC)-conjugated anti-
bodies will not be as bright as those stained using
indirect FITC methods and that this decreased sen-
sitivity may be in the order of five- to sixfold
(Shapiro, 1994). This is of practical importance
when antigen expression is low. Phycoerythrin (PE)
and the newer fluorochromes (e.g. tandem colour
fluorochromes) have a much higher quantum yield
than FITC, thus increasing sensitivity. As a result,
statistically significant differences have been
documented between samples analysed with FITC-
and PE-conjugated antibodies for the following
antigens: CD3, CD5, CD13, CD14, CD33 (Reilly et
al., 1995; Reilly, 1996). In a UK NEQAS survey inves-
tigating CD13 detection for example, 8 of 24 labora-
tories that used FITC-conjugated antibodies ob-
tained values ofless than 50% (overall 58%); three of
these eight recorded negative results. In contrast, all
12 laboratories using PE-conjugated reagents ob-
tained values greater than 50% (mean 77%). There-
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fore, PE conjugates, or tandem colour fluoroch-
romes (e.g. PE-Cyanin™ 5), should be used for
single-colour analysis. In multicolour analysis, the
more sensitive fluorochrome-conjugated antibody
should be used for detecting the weaker antigen,
typically CD13, CD19 and CD33, while strongly ex-
pressed antigens (e.g. CD45 or HLA-DR) can be
detected using FITC or peridinin-chlorophyll a
complex protein (PerCP). In addition, steric hin-
drance, resulting from the simultaneous binding of
different monoclonal antibodies, should always be
considered when selecting reagent combinations
(e.g. CD3 and the T-cell receptor complex). We have
recently shown that, when performing antigen den-
sity measurements, the use of single-colour staining
will give markedly different results from those de-
rived using multicolour staining (Barnett et al.,
1998b).

Finally, the development of additional fluoroch-
romes that can be detected with a single laser, and
the availability of computer software capable of
rapid data analysis, has enabled the incorporation
of triple-colour analysis in the routine diagnostic
laboratory (Campana, 1994). This will lead to fur-
ther technical problems, including more compli-
cated spectral compensation, as well as the need for
added expertise in instrument set-up, data collec-
tion and analysis.

4.7 Definition of positive values

Data from UK NEQAS, together with a review of the
literature, have demonstrated considerable dif-
ferences in the definition of antigen positivity. The
development of newer and more sensitive fluoroch-
romes, coupled with multiparametric technology,
will further increase this dilemma. The simplistic
approach using an arbitrary cut-off point (for
example > 10% for immunocytochemistry, > 20%
for immunofluorescence analyses), as suggested in
the BCSH Guidelines (BCSH, 1994a), will probably
not be applicable in the future. Data analysis
procedures that currently employ the placement of
a cursor at the boundary of the negative population
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are likely to be inappropriate. More biologically
relevant procedures, such as antigen density quan-
tification, may yield more meaningful information.
Such evaluations would require the production of
reference materials that express the antigens of cli-
nical importance. Developments in this area are
underway (Barnett et al., 1996, 1998b), although the
technical difficulties should not be underestimated,
especially for pathological preparations.

4.8 Absolute count enumeration

The enumeration of absolute CD4* T lymphocyte
and CD34* hematopoietic stem cells is important
for the clinical management of HIV-infected indi-
viduals and for cancer patients undergoing periph-
eral blood stem cell transplantation, respectively.
The need for an accurate and reproducible method
for absolute cell counting may take on even more
importance following the National Blood Authority
strategy to issue blood products with an absolute
white cell count of less than 5 x 108 leukocytes per
blood product unit (BCSH, 1994c).

Currently, PBSC and lymphocyte subset analysis
is routinely undertaken by flow cytometry, employ-
ing either a dual- or, less frequently, a single-plat-
form approach. The dual-platform technique
utilises immunophenotypic data derived from the
flow cytometer together with the total white blood
cell count, or the total absolute lymphocyte count,
obtained from a hematology analyser. It is recog-
nised, however, that a major factor contributing to
the high interlaboratory CV values reported for ab-
solute CD4* lymphocyte counts is the white blood
cell count generated by different machines (Robin-
son et al., 1992). In addition, the intermachine vari-
ance for white blood cell counts increases signifi-
cantly for values below 0.1 x 10% 17!, precluding this
approach for the quality control of leukocyte-de-
pleted blood products. In contrast, single-platform
technology derives the absolute cell count directly
from the flow cytometer, using either precision
fluidics or microbead technology (Keeney et al.,
1998a; Mercolino et al., 1995; Verwer and Ward,

1997).

Data from UK NEQAS for leukocyte im-
munophenotyping showed that interlaboratory CV
values for CD4* T lymphocyte counts were consist-
ently lower for single-platform (mean 13.7%; range
10-18.3%) than for dual-platform methodology
(mean 23.4%; range 14.5-43.7%). Subgroup analysis
of single-platform users demonstrated mean overall
interlaboratory CV values of 17.2, 13 and 7.1% for
the Flow-Count (Beckman Coulter), TruCOUNT™
(BD Biosciences) and volumetric approach, respect-
ively. The lowest interlaboratory CV values obtained
for a single sample according to each single-plat-
form approach were 4% (TruCount), 4.4% (volumet-
ric), 4.6% (FACSCount™; BD Biosciences) and
12.7% (FlowCOUNT™). Similarly, the mean inter-
laboratory CV for CD34* stem cell enumeration us-
ing nonstandardised single-platform approaches
was 18.6% (range 3.1-36.9%) compared with 28.6%
(range 19-44.2%) for the dual-platform technology.
Our results suggest absolute cell subset enumer-
ation should be performed by single-platform tech-
nology and that such an approach should improve
the quality control of multicentre clinical trial data
for CD4* T lymphocyte and CD34* stem cells (Bar-
nett et al., 1999).

4.9 Conclusion

The implementation of quality control procedures,
both internal and external, should be considered as
good laboratory practice. Several measures have
been outlined within this chapter that can provide
the laboratory with the basics for such procedures.
Further measures of good practice also extend to
the logging of reagent use, monitoring refrigerator
and freezer temperatures and ensuring that staff
have an excellent career development programme.
However, the most important factor when perform-
ing any flow cytometric procedure is if in doubt
repeat!
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Data analysis in flow cytometry

5.1 Introduction

Errors in flow cytometry can only arise from two
discrete processes: data acquisition and data analy-
sis. In general, data acquisition errors can be avoid-
ed by good sample preparation and accurate instru-
ment set-up. Quality assurance reagents are
available to confirm most aspects of sample prep-
aration in routine applications and internal experi-
mental controls should be designed to provide the
same level of assurance in experimental applica-
tions. Instrument standards, such as fluorescent
beads or fixed nuclei, can be used to confirm instru-
ment performance in both settings. The only aspect
of data acquisition for which controls are unavail-
able is the ability of the operator to design the cor-
rect experiment. This is obviously common to any
analytical procedure but is particularly relevant to
applications such as flow cytometry where the only
outputis a digitised signal presented on a computer
screen.

5.2 Experiment design

The most common acquisition error made by users
of flow cytometers is insufficient data points. Often
huge files of list mode data are collected, sometimes
with tens of thousands of data points, which, upon
analysis, contain mostly debris or irrelevant cells.
This is an easily avoided error. The traditional way
to guarantee the acquisition of a specific number of
cells of interest is to apply an acquisition gate or
region based upon one or more characteristics of
the cells of interest. This is effective but limits the
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data analysis solely to the cells that were thought to
be of interest at the time of analysis and necessarily
excludes any other cell populations that may be of
interest subsequently. A more flexible approach re-
quires setting an acquisition region or gate that is
used solely for counting. Thus all events above a set
threshold will be stored but the analysis will con-
tinue until a predetermined number of one cell sub-
set has been acquired. A good example of the use of
such a technique is the enumeration of rare events
such as CD34" hematopoietic stem cells. Here it is
important that enough positive events are collected
to guarantee a given level of accuracy determined as
the coefficient of variation (CV) of the assay. Rare
events within a population are distributed accord-
ing to a Poisson distribution and the CV will be
described by the formula 100/,/n, where n is the
number of positive events acquired. Therefore, 100
cells of interest must be acquired to give a CV of
10%. Plainly, the more cells acquired the better the
CV and the greater the reliance that can be accorded
to the data. The disadvantage to using an acquisi-
tion strategy such as this is that the data files may
become very large indeed, and this has restricted
the use of this approach in the past. Modern com-
puter processors and inexpensive data storage sys-
tems such as Zip drives makes this technique much
more feasible.

5.3 Analysis of flow cytometric cell phenotyping
data

Analysis of phenotype is certainly the most
common application of the majority of flow
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Fig. 5.1 The fluorescence associated with an isotype control
antibody from manufacturer 1 (histogram A) together with the
fluorescence associated with binding of a fluorescein
isothiocyanate (FITC)- conjugated CD3 antibody from the
same manufacturer (histogram B) and that obtained when
FITC-CD3 from a second manufacturer was used (histogram
C). In histogram C, the background binding of the antibody is
higher than that in histograms A and B and could lead to
spurious results. For this reason, it is always preferable to use
control and test antibodies from the same manufacturer.

cytometers but nonetheless it is an area in which
controversies exist. Until the early 1990s, the stan-
dard practice for analysis of phenotyping data was
to run an isotype-matched control monoclonal
antibody conjugated with the same fluorochrome
as the antibody of interest and to set a cursor (or
analysis marker) on the negative sample such that
less than 5% of the cells were classed as positive.

Subsequently, the test sample was acquired and the
proportion of cells falling to the right of the marker
was calculated. While this may work in many situ-
ations, it is fallible and relies upon several assump-
tions that the operator is often not in a position to
make. First, the isotype control antibody must have
the same fluorochrome to protein ratio as the test
antibody. That is, the average number of fluoroch-
rome molecules must be the same on both antibo-
dies. High-quality manufacturers endeavour to
achieve this across their range of reagents but an
isotype control antibody from one manufacturer is
unlikely to be an appropriate control for antibodies
supplied by other manufacturers. A second as-
sumption is that the two clones have the same pro-
portion of monovalent and divalent binding anti-
body molecules and that the kinetics of nonspecific
binding are similar. Figure 5.1 shows an example of
fluorescence histograms where an isotype-matched
control antibody is used to delineate the non-
specific binding of fluorescein isothiocyanate-con-
jugated CD3 (FITC-CD3) antibodies from the same
manufacturer and an alternative manufacturer.
This is plainly an extreme example but it does dem-
onstrate the potential pitfalls of relying upon a
single analysis strategy.

5.4 Cluster analysis

During the 1980s the term ‘cluster’ or ‘cloud’ analy-
sis was coined to describe the use of the internal
negative cell population for discrimination of ‘posi-
tive’ versus ‘negative’ events. It was argued that, in a
heterogeneous cell population such as peripheral
blood lymphocytes, some cells were likely to ex-
press an antigen (positive) while others would lack
the molecule (negative). Given a sufficiently high
signal to noise ratio between the two populations, it
should be possible to identify the positive cells with-
out an isotype-matched control. Current guidelines
for CD4 and CD34 cell subset enumeration do not
require isotype-matched controls to be run (Keeney
et al., 1998) and at least one commercial manufac-
turer has produced semi-automated analysis soft-
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Fig. 5.2 Histogram A shows the overlapping distribution of control (unfilled histogram) and fluoroscein isothiocyanate-conjugated
CD25 antibody (FITC-CD25; solid histogram). If a cursor is defined with the isotype control antibody then a proportion of the cells
labelled with CD25 would be deemed negative for this antigen. However, in reality, all cells are positive but those in region 2 bind

10 times as much antibody as those in region 1, as shown in histogram B, which shows only the FITC-CD25 labelled cells.

ware that only requires an isotype-matched control
to check retrospectively for nonspecifically fluor-
escent cells in the analysis gate.

In some cases, cluster analysis is difficult to apply,
for example when analysing cell lines or leukaemic
clones when there may be no negative cells in the
sample and an isotype control is required. Nonethe-
less, the data should be interpreted intelligently and
with caution. When the test histogram overlaps the
negative control histogram (as in Fig. 5.24), it is
tempting to describe the cells to the right of the
marker as positive and those to the left as negative.
This is a poor analysis of the data. Cells falling in
region 1 of the test histogram (Fig. 5.2B) bind very
little test antibody whereas cells in region 2 bind ten
times as much test antibody; both populations of
cells, however, are positive for the antigen. In an
experiment, the expression of interleukin 2 recep-
tors (CD25) on an interleukin 2-dependent cell line
was studied, the results were similar to the two
histograms in Fig. 5.2. For cells labelled with anti-
interleukin 2 receptor, cells falling in region 1 and
those in region 2 were sorted and cultured in separ-
ate flasks in the presence of interleukin 2. After 3
days in culture, the cells recovered from regions
1 and 2 showed identical distributions of fluor-
escence to that of the preselected sample. In other
words, the distribution of interleukin 2 receptors
was a normal biological phenomenon. In a case like

this in which the distribution is univariate and over-
lapping the negative control, it is usually more valu-
able to describe the distribution by virtue of the
degree of fluorescence rather than by the percen-
tage that are positive. Such histograms may be com-
pared using Kolmogorov-Smirnov statistics to de-
termine if and how different they are; this is
indicated by the assignment of a value: the D value.
The D value is the maximum vertical displacement
between two cumulative frequency distributions for
the control and test samples, where the fluor-
escence intensity is measured on the x-axis and the
relative number of events is measured on the y-axis
(Young, 1977). This is probably the most robust
analytical approach available, although it should be
recognized that the choice of D value that must be
exceeded in this test before the histograms are con-
sidered different is still arbitrary (Borowitz et al.,
1998).

The examples shown in Fig. 5.2 are presented as
single-parameter histograms since only one
fluorochrome was applied to the cells. While this
can be economical in terms of data storage and even
data presentation, it often obscures the analysis.
Figure 5.3 shows the result of labelling a normal
peripheral blood sample with an isotype control
and with FITC-CD4 antibody and analysis of the
granulocyte cluster. The control histogram (Fig.
5.3A) shows two peaks of fluorescence and a marker
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Fig. 5.3 The benefit of dual-parameter analysis of single fluorochrome-labelled samples. (A) Background nonspecific binding and

autofluorescence are shown. (B) Binding of CD4; because of the high autofluorescence, the weak binding of CD4 is masked. (C)

The use of dual parameter analysis allows distinction between autofluorescence and true CD4 binding and so facilitates

determination of a more accurate measure of CD4" cells.

was set to the right of the smaller peak. Analysis of
the CD4-labelled sample (Fig. 5.3B) using the same
marker setting identifies a CD4" basophil sub-
population of 0.16%. However, by collecting the
FL2 fluorescent signals from each of the cells and
arraying FL1 (CD4) versus FL2 (autofluorescence)
from each granulocyte we are able to resolve the
weakly labelled CD4* cells from the autofluorescent
cells and obtain a more accurate estimate of the
population (Fig. 5.3C). This required no additional
fluorochrome.

This approach is shown again in Fig. 5.4 where
myeloid leukaemic cells that have been cultured in
vitro for a prolonged period have been labelled with
a solution of isotonic propidium iodide (PI). The
histogram (A) clearly shows three cell populations:
cells excluding the dye (1), cells showing low level
fluorescence (2) and a small subpopulation showing
higher levels of fluorescence (3). We would imagine
that the first cell population contained the live cells,
those in the second subset were apoptotic and those
showing high-level fluorescence were dead cells.

Figure 5.4B shows that the cells with low levels of PI
fluorescence (2) have the same forward light scatter
index as the cells that exclude the dye (1), suggesting
that they are healthy cells. This is, in fact, the case
and the weakly fluorescent cells are autofluorescent
myeloid cells. The truly apoptotic and necrotic cells
have a lower forward light scatter signal (3) and can
be resolved on this basis.

5.5 Measurement of fluorescent intensity

Measurement of fluorescent intensity is one of the
most common applications of flow cytometers and
probably the least well understood by the majority
of cytometrists (Nicholson and Stetler-Stevenson,
1998). Historically, the most common use of fluor-
escent intensity measurements was the analysis of
cellular DNA content to determine relative propor-
tions of cells at different stages of the cell cycle.
These calculations have the advantage that the en-
tire dataset can be resolved over 256 or 1024 data
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Fig. 5.4 The use of forward angle light scattering and propidium iodide labelling for the identification of apoptotic and necrotic
cells (3) from live (1) and autofluorescent cells (2) (Schmid et al., 1994).

channels with linear signal amplification since the
dynamic range is restricted. The difficulties asso-
ciated with DNA histogram analyses are related to
the overlapping nature of the individual distribu-
tions of cells in Go—G, S and Go-M phases, as well as
the occurrence of aneuploid nuclei. There are al-
most as many algorithms for dissembling these
overlapping histograms as there are cytometrists
trying to do so, and it is inappropriate to discuss
them here. An excellent review of DNA histogram
analysis may be found in Watson et al. (1987).

Cytometrists involved in the analysis of DNA his-
tograms are usually more aware of the mathemat-
ical constraints of their analyses than are hematolo-
gists and immunologists who study cell surface
antigen expression. Furthermore, the greater dy-
namic range of fluorescent intensities associated
with immunofluorescent labelling means that these
data are generally acquired after logarithmic ampli-
fication, which adds further complexity to the
mathematics.

First, it is necessary to understand how the histo-
gram or dot-plot data are generated by the elec-
tronic digital circuits of the cytometer and its asso-
ciated computer. The light signals (photons)
scattered by the cell, whether incident or fluor-
escent light, are detected by the photodiodes and
photomultiplier tubes and converted into analogue
elect