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Accurate measurement of antigen-positive cells by flow cytometry can be hampered by background flu-
orescence of antigen-negative cells and other particles (e.g., debris). This article focuses on three major
causes of hackground (autofluorescence, spectral overlap, and undesirable antibody hinding) by review-
ing individual aspects of flow cytometric measurements that contribute to these causes. The appropriate
use of controls facilitates a thorough understanding of these contributing factors as well as the develop-
ment of robust cell labeling protocols intended for routine flow cytometric analysis. We present a set of
recommendations that enables the user to develop an optimized cell labeling protocol that minimizes
background and maximizes the ability to reliably distinguish between a positive and a negative popula-
tion of cells. These recommendations are also intended to augment existing guidelines designed to aid
in the formulation of a consensus regarding the utility of flow cytometry for the analysis of clinical sam-

ples. © 2009 Clinical Cytometry Society
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A persisting concern in flow cytometric analysis is the
ability to reliably distinguish between antigen-positive
and antigen-negative populations of cells, and to accu-
rately measure the population of positive cells (1).
Although flow cytometry only permits measurements
above a defined threshold of signal intensity and may
therefore not be able to measure cells that are truly neg-
ative for a particular antigen, we will apply the term
“antigen-negative,” or simply “negative cells” to cells
that express antigen levels below the detection limits of
a flow cytometer (see Table 1 for definitions of terms).
Parameters like the resolution index (2,3) and the stain-
ing index (4) are useful tools to describe quantitatively
the degree of separation between two populations. Both
tools require the ability to determine median and stand-
ard deviation (SD) of fluorescence intensities of cell pop-
ulations (see formulas in Table 1). When the degree of
separation between “positive” and “negative” is only
minimal, statistical tests are available to assess the likeli-
hood of one population being significantly different
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from another (5). However, when populations overlap
considerably and neither the median nor the SD can be
determined, the resolution or staining index cannot be
calculated.

A prerequisite for exploiting these tools is proper use
of control samples to confirm that the test sample was
prepared correctly and, if necessary, to establish the
level of background. Ignoring instrument-derived back-
ground signal (generally called noise), the cause of back-
ground fluorescence can be categorized into three
groups: (D autofluorescence, (D) spectral overlap,
and (ID) undesirable antibody binding. The level of back-
ground in each of these groups depends on, and may be
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Table 1
Table of Terms
Term Description
Antigen A substance that induces the production of antibodies.
Autofluorescence Self-fluorescence; inherent fluorescence of an object.
Background Extraneous signals that can be confused with the phenomenon to be measured.

Bleed-through (emission)
spectrum.
Crossreactivity

Spillover; part of an emission spectrum that overlaps with the peak intensity of another

Binding to an identical or similar epitope than that the antibody was generated against and

present on different antigens (Ref. 23).

Epitope Portion of the antigen that an antibody is generated against (Ref. 23).

Event (Light-derived) electronic signal processed by a flow cytometer and added to the dataset (list-
mode file).

FMO control Fluorescence-minus-one; a control that includes all antibodies involved in the experiment,

except one (Ref. 20).
Internal negative control

Isoclonic control
Isotype control

Population of cells that does not express the antigen of interest in a sample that also contains a
population of cells that does.

Mixture of a fluorochrome-conjugated and excess of an identical, but unconjugated antibody.

Antibody of the same class (isotype) of immunoglobulin as the specific antibody, but generated

against an antigen that is not present on or in the cells under study.

Negative cells

technology.
Nonspecific antibody binding
Relative fluorescence intensity
Resolution index

Cells that express antigen levels at or below the detection limits of the measurement

Binding of an antibody to something that it was not generated against.
Amount of fluorescence relative to the instrument settings of the flow cytometer.
Degree of separation between a positive and negative population, described as follows:

(Xpos - Xbckgrnd)/\/(SDp052 + S'Dbckgrndz) (Refs- 1: 2)

Specific antibody binding
Spectral compensation
Spectral overlap
Spreading error

Staining index

Binding of an antibody to the epitope it was generated against.

Mathematical method to correct for bleed-through emission.

Spillover between two (or more) fluorescence emission spectra.

Error due to imprecise measurements and spectral compensation.

Describes how much a positive population is separated from the negative population, as follows:

[(Xpos - Xbckgrnd)/z] X SDbckgrnd (Ref 4)

Undesirable antibody binding

User-defined term, but in general: Any type of bond between an antibody and a cell that

obscures correct interpretation of the data.

minimized by, several components of the measurement
(e.g., antigen of interest, choice of antibody, choice of
fluorochrome, cell labeling protocol, and optical config-
uration of the flow cytometer) as described later. With a
thorough understanding of how each component may
contribute to the background level, sets of control sam-
ples can be designed to reliably tell truly positive from
negative and other detected signals (i.e., events) in a
flow cytometric data set. This review discusses the
causes of background fluorescence and the methods
used to control for this background. We provide recom-
mendations for the use of controls to identify back-
ground fluorescence in clinical flow cytometry such as
unstained cells, cells that do not express the antigen of
interest in an antibody-labeled sample, as well as fluores-
cence-(or full)-minus-one (FMO), isotype and isoclonic
controls. In addition to previously published guidelines
(6-9), this document is intended to contribute to formu-
lation of consensus regarding the utility of flow cytome-
try for analysis of clinical samples.

BACKGROUND CAUSED BY AUTOFLUORESCENCE

In addition to the fluorescence emission of the anti-
body-bound fluorochrome, excitation sources in flow
cytometers (specifically 488 nm) also excite other natu-
rally occurring cellular components (e.g., NADPH and
flavins) (10) resulting in levels of autofluorescence that

may obscure detection of target-specific antibodies.
Since it has been shown that the use of a 532 nm laser
is less problematic in this regard (11), it may be worth
considering the excitation source prior to purchasing a
new cytometer or upgrading an old one.

The level of autofluorescence is also influenced by the
cells’ biological and physiological conditions and is also
cell type specific (10). Because of their high content of
granule-associated flavoproteins, autofluorescence of
granulocytes is generally higher than that of lympho-
cytes (12). As cells age, or are subject to other manipula-
tions (e.g., tissue culture, thermocycling, and in-situ
hybridization) autofluorescence of these cells usually
increases although this may be reduced by the addition
of dithiothreitol (DTT) (13), trypan blue (14), crystal
violet (15), or n-octyl-B-p-galactopyranoside (16). In addi-
tion, several tools have been developed to correct for
autofluorescence in flow cytometric data to increase
sensitivity and thus the ability to detect weakly positive
cell populations. Steinkamp and Stewart described a
method utilizing electronic circuitry that subtracts auto-
fluorescence-derived signals from the total signal meas-
ured by means of dual, specific and nonspecific, laser
excitation (17). Alberti et al. developed an alternative
method requiring only single laser excitation (18). Since
neither of these inventions can be applied to a wide
spectrum of applications, cell-by-cell autofluorescence
correction as described by Roederer and Murphy (19)
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appears to be a more accessible alternative (see recom-
mendations in this article). Similar to spectral compensa-
tion, this method subtracts the signal from a detector
with no spillover (but dedicated to measure autofluores-
cence) from the detector that measures the emission
from a specific fluorochrome, by means of software.

BACKGROUND CAUSED BY SPECTRAL OVERLAP

The spectral ranges of most fluorochrome emissions
are so large that the emission of a particular dye is gen-
erally measured by many detectors rather than by the
one solely designated to measure the emission peak of
that dye. This overlap of emission spectra in the various
detection regions (also called “bleed-through” or “spill-
over”) contributes to background fluorescence as well
and can be corrected for by utilizing spectral compensa-
tion. When applied appropriately, the emission bleed-
through intensity measured by a particular detector is
mathematically reduced to the same median intensity as
the negative population measured by that detector.
However, if the SD of the “bleed-through population” is
high, a so called “spreading error” is added to the nega-
tive population in the compensated dataset, resulting in
decreased sensitivity (20). This phenomenon becomes
significant when more than four colors are used.

Clearly, spectral overlap can be minimized at the out-
set by choosing combinations of fluorochromes that
have little to no overlap with each other (21) or by
choosing multiple fluorochrome-specific, independent
excitation sources. For example, spectral overlap
between FITC and PE-Cy7 using one excitation source
(488 nm) is significantly higher compared with that
between FITC and APC-Cy7 when excited by two excita-
tion sources (488 and 633 nm). At the risk of reducing
sensitivity, spectral overlap can also be minimized by
choosing optical filters with narrower bandpass charac-
teristics (22).

BACKGROUND CAUSED BY UNDESIRABLE
ANTIBODY BINDING

The term undesirable antibody binding describes a
user- or application-defined phenomenon (Table 1).
Although it is generally applied to nonspecific antibody
binding, specific binding can sometimes be undesirable
as well. The term nonspecific antibody binding means
binding of an antibody to a different epitope than the
one it was generated against. It includes several ways
of antibody binding as schematically represented in Fig-
ure 1 (Panels A-F). For example, an antibody that has
been generated against epitope cl of antigen ¢ can non-
specifically bind to a similar epitope present on antigen
a (Panel A). Thus, it is plausible that nonspecific binding
in fact occurs at the antigen of interest, yet to a different
epitope from the one it was generated against (Panel C).
Specific binding to the epitope of an antigen of interest
occurs through the antibody binding and/or the F(ab),
domains of the variable regions of an antibody molecule
(Panel I) (23). Various studies have indicated an epitope
can be shared by different antigens (24-26). Depending
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Fic. 1. Schematic representation of modes of antibody binding. (A-F)
Nonspecific antibody binding: (A) to an antigen that is not of interest
in the study; (B) to an Fc-receptor, but not as a receptor-ligand inter-
action; (C) to the antigen of interest, but not to the epitope to which
the antibody was generated against; (D-F) through its conjugated fluo-
rochrome to an antigen that is not of interest, Fc-receptor or the anti-
gen of interest, respectively. (G-1) Specific antibody binding: (G) to an
epitope that is shared by a different antigen from what it was gener-
ated against; (H) to an Fc-receptor as part of a receptor-ligand interac-
tion; (1) to the antigen and epitope of interest, the antibody was
generated against. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

on the investigator’s interest, this phenomenon (some-
times referred to as cross-reactivity) (23) may result in
specific antibody binding that is undesirable (Panel G).

The Fc-regions of many antibodies also interact with
Fcreceptors of various specificities (CD16, CD32, CD64,
CD89) functioning as ligand for the activation of the
cells upon which they are expressed (Panel H).
Although classified as receptors, Fc-receptors can also
be considered as antigens (with epitopes that antibodies
can be generated against). Fc-receptors are expressed on
a variety of unfixed, live cells, including neutrophils,
monocytes, macrophages, B-cells, natural killer cells, and
some T-cell subsets (27). Fc-mediated binding to cells
that do not express the antigen of interest is in this con-
text considered undesirable antibody binding. The level
of this type of undesirable antibody binding can be
reduced by blocking Fc-receptors with anti-Fc-receptor
antibodies (28), Fab or F(ab), fragments thereof, or with
pooled immunoglobulins, or even with whole serum.

In addition to undesirable specific binding to Fc-recep-
tors, undesirable nonspecific antibody binding can occur
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as well (Panel B). Such binding is of much lower affinity
than the specific antigen-antibody binding and can be
controlled with blocking reagents like nonimmune se-
rum. However, nonspecific binding is usually best elimi-
nated by optimizing antibody concentration and
antibody amount with titration assays (29,30).

Undesirable binding may occur through the fluoro-
chrome that is conjugated to the antibody (Panels D-F),
an issue most commonly observed in the context of
energy-coupled or tandem dyes (31,32). Fluorochrome
conjugation can change the overall charge of the anti-
body. For example, FITC-conjugated anti-CD34 monoclo-
nal antibodies are more negatively charged than their
PE-conjugated counterparts. Consequently, some CD34
epitopes are poorly detected, if at all, by FITC-conju-
gated anti-CD34 antibodies (reviewed in Ref. 33).

The choice of conjugated form can have other unde-
sirable effects. For example, the PE conjugated form of
the IgG1 anti-glycophorin A antibody KC16 (clone
11E4B-7-6) induces large-scale aggregation of red blood
cells which highly express this mucin-like molecule. In
contrast, the more negatively charged FITC conjugates
of the same monoclonal antibody induce much less
aggregation of red blood cells (34).

Finally, for intracellular antibody labeling protocols,
the fixation/permeabilization procedure used may result
in the intracellular entrapment of antibodies. The choice
of conjugated form is also important in this context. For
example, a high number of FITC molecules per immuno-
globulin (i.e., a high F/P ratio) results in a highly
charged antibody that binds nonspecifically to cytoplas-
mic elements and is extremely difficult to remove by
washing.

From the earlier discussion, it is obvious that the
degree of undesirable antibody (conjugate) binding
depends not only on the antibody’s specificity per se,
but on a wide variety of other interactions, as well as
the physical and biological conditions that the target cell
populations encountered during the assay. Knowledge
of the molecular nature of the antigen and/or epitope
under investigation when selecting specific monoclonal
antibodies and specific conjugates for use can therefore
be advantageous.

Typically a set of specific control samples (isotype,
isoclonic, internal negative, and FMO) is measured and
analyzed to determine which category observed back-
ground is caused by. Levels of background may be
assessed by comparing fluorescence intensities between
unstained cells and that of these specific control
samples.

ISOTYPE CONTROLS

Isotype controls are antibodies of the same class (iso-
type) of immunoglobulin as the specific antibody, but
are either myeloma-derived antibodies of unknown spec-
ificity, or are raised against an antigen (e.g., T2-myco-
toxin or dinitrophenyl) that is presumed not to be
present on or in the cells under study (35). The ideal
isotype control should “match” the specific antibody not

only in heavy chain (IgA, IgG, IgD, IgE, or IgM), subclass
and light chain (kappa, lambda) class but also in fluoro-
chrome type and number of fluorochrome molecules
per immunoglobulin (F/P ratio). It should also have
been derived by the same manufacturing process as the
specific conjugate under investigation (36) and be pre-
sented in the same formulation (buffer, concentration,
preservative, etc.). Such a “perfectly matched” isotype
control represents one way to determine whether there
is undesirable antibody binding through Fc-receptors
and/or fluorochrome binding (37). However, whether
the more commonly used, but less rigorously selected,
isotype controls are sufficient to determine nonspecific
binding has been under debate for over a decade
(38,39). Since the Vy and V; regions that determine the
antibody binding sites of the isotype control are differ-
ent from those of the specific antibody in the experi-
mental sample, one can argue that the two antibodies
may also show different levels of nonspecific binding
through this part of the protein. Indeed, it has been
noted that an isotype and fluorochrome-matched control
showed more cells nonspecifically stained than specifi-
cally stained by the corresponding CD34 conjugate used
(38,40). In addition, similar characteristics of nonspecific
binding can be expected through the Cy and Cy regions
of an isotype control and a specific antibody. Isotype
controls may have utility in specific settings such as
postcultured cells where there may be a generalized
increase in cellular “stickiness”; consequent to such
unavoidable manipulations (reviewed in Ref. 37), isotype
controls should be restricted to qualitative assays. Differ-
ences in antibodies present the impractical requirement
of including a matched (concentration, F/P ratio, etc.)
isotype control for each antibody used in a multicolor
assay (41). We do not recommend isotype controls for
quantitative (cell counting) assays (see recommendations
later).

ISOCLONIC CONTROLS

An isoclonic control consists of a mixture of fluoro-
chrome-conjugated antibody and an excess amount of
the same, unlabeled antibody (41). An example of such
a control (42) was incorporated into Coulter-Immuno-
tech’s Stemkit™ (43). An isoclonic control is specifically
designed to determine undesirable antibody binding
through fluorochrome-mediated binding. Since all spe-
cific and nonspecific binding of the fluorochrome-conju-
gated antibody is blocked by the large excess of
unconjugated antibody, any increase in fluorescence
over unstained control cells cannot be due to Fc-recep-
tor-mediated binding or any other nonspecific antibody
binding. Instead, it can only be due to fluorochrome-
induced binding. However, to the best of our knowl-
edge, it has never been reported that this control
resulted in significant numbers of “positive” events
(8,9,38,43). We do not therefore, recommend the use of
isoclonic controls quantitatively (i.e., subtract the iso-
clonic control-positive events from the sample-positive
events that is under study) but instead solely as an
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indicator for whether antibody binding through fluoro-
chrome binding in the sample of interest occurs. If so,
alternative fluorochrome-conjugates should be tested
(see recommendations later).

INTERNAL NEGATIVE CONTROLS

An internal negative control is a population of cells
that does not express the antigen of interest and thus
remains unlabeled in an antibody-labeled cell suspension
that also contains a population of cells that does express
this structure. The advantage of an internal negative con-
trol is that it is a population of cells that has been
exposed to identical conditions (including exposure to
the antibody directed to the antigen of interest) as the
cell population under study. In an ideal world, the fluo-
rescence intensity of the internal negative control
should be the same as that determined by autofluores-
cence only (i.e., unstained cells). In practice, however,
this is not always the case because of nonspecific bind-
ing of excess antibody molecules. The expected fluores-
cence intensity can be determined (and minimized) by
proper titration techniques when the assay is being
developed and/or optimized. Such procedures are of
fundamental importance to good assay design (see rec-
ommendations later). Figure 2 shows that the level of
nonspecific antibody binding is determined by the total
absolute amount of antibody rather than the antibody
concentration (also described in Ref. 29). Panel A illus-
trates that the fluorescence intensity of the antigen-nega-
tive cell population rapidly increases as the assay
volume is kept the same in a typical antibody titration
assay where both antibody concentration and the abso-
lute amount increase. Using a constant absolute amount
of antibody but changing the assay volume to test differ-
ent antibody concentrations (Panel B), mostly avoids the
increase in background. This indicates that antibody
concentration and antibody amount need to be consid-
ered separately. Both nonspecific binding by excess anti-
body molecules and autofluorescence may be cell type-
specific (10). Furthermore, the large array of variables
combined in a sample preparation procedure may also
increase or decrease background fluorescence of spe-
cific cell types (41). Thus background fluorescence is
only properly assessed if the negative population of a
particular cell type is compared with the positive popu-
lation within that same cell type (Fig. 3). Unfortunately,
not every application contains a positive as well as a
negative subpopulation of the same cell type (37). Spe-
cifically, in the analysis of malignant cells where the spe-
cific and/or nonspecific antibody binding characteristics
may be different from normal cells, a matching negative
subpopulation is not present. The introduction of an
additional marker that allows one to exclude either the
malignant or normal cells by means of Boolean gating
(see recommendations in this article) can improve the
analysis. Comparing the intensity of the cell type-spe-
cific, internal negative control to the unstained control
of the same cell type allows for an estimation of the
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Fic. 2. Antibody titration assays to establish high separation between
positive and negative cell populations while maintaining a low level of
background. (A) Conventional antibody (PE-conjugated mouse anti-
human CD3) titration assay in a fixed (0.5 ml) assay volume to deter-
mine optimum antibody concentration, using 10° peripheral blood
mononucleated cells. Resolution index (RI) = (Xpos — Xockgrna)/

(SDpos” 4 SDbckgma?); staining index (SI) = Xoos — Xockgma/2 X

Dpckgrna; SD = (CV x X)/100, where X,os and SDp.s are, respectively,
mean intensity and standard deviation of the positive population, and
Xockgrna @and SDpckgrna are the mean intensity and standard deviation of
the negative population. In this assay, the fluorescence intensity of the
negative population (background) increases with increasing antibody
concentration due to an increase in total amount of antibody. (B) Anti-
body (PE-conjugated mouse anti-human CD3) titration assay using a
fixed (30 ng) amount of antibody and variable amounts of assay vol-
ume to determine optimum antibody concentration, using 10° periph-
eral blood mononucleated cells. RI, resolution index; SI, staining
index. These data show that when the total amount of antibody is
fixed, the background remains low as the antibody concentration
increases.

level of nonspecific antibody binding (see recommenda-
tions later).

FMO CONTROLS

FMO controls are samples labeled with all antibodies
of the multicolor test sample except one (44,45). As
such, a five-color test sample requires five different FMO
control samples. They can be considered the counter-
part of singly stained positive controls in multicolor
experiments and include an internal negative control.
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Fic. 3. Human mononuclear peripheral blood cells labeled with
FITC-conjugated anti-CD15, CD64, or CD2 to illustrate that the level
of background in internal negative controls is cell type-specific. Lym-
phocytes (black, solid line) show significant less background fluores-
cence than blast cells (gray, dotted line). Note that conditions for
sample preparation and labeling are of key importance when specific
information is to be obtained from immunofluorescence assays. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

However, aside from undesirable antibody binding due
to nonspecific binding, the intensity of the negative pop-
ulation in FMO controls is also determined by compen-
sation (or lack thereof) for spectral overlap. Background
as a result of compensation for spectral overlap is pro-
portional to the SD and mean fluorescence intensity of a
positive population and the relative amount of bleed-
through into the detector in which the fluorochrome of
interest is measured (44). As a result, the coefficient of
variance (CV) of a negative population may appear
larger in compensated data than in uncompensated data.
Since FMO controls are labeled with all fluorochromes
involved except one, they show (unlike the singly posi-
tive controls) the same apparent increase in CV of the
negative population as the experimental sample. Fur-
thermore, FMO controls help to determine positivity
and set regions in samples that contain multilabeled sub-
populations. As illustrated in the example of Figure 4,
the CD25-positive subpopulation of CD4-expressing cells
in the experimental sample (blue, d events in the circled
population) can accurately be identified by comparing it
to the FMO control sample that is labeled with PE-conju-
gated anti-CD127 and PECy7-anti-CD4 but not labeled
with PECy5-conjugated anti-CD25 (green, ¢). Since back-
ground levels in FMO controls are determined by unde-
sirable antibody binding as well as spectral overlap, they
cannot be used to specifically expose any type of unde-
sirable binding.

RECOMMENDATIONS

Aside from applying suitable instrument QA/QC pro-
cedures (46-48), the following steps can be taken to
increase the ability to distinguish positive and negative
populations of cells. The recommendations described
later are particularly important for antigens that are
expressed at low levels and in cell labeling procedures
that easily result in overlapping antigen-positive and anti-
gen-negative cell populations. Although it may not
always be feasible in an established clinical laboratory to
act on the entire set of recommendations, each individ-
ual recommendation provides valuable facts that
improve the utility of flow cytometry for clinical sam-
ples. These recommendations do, therefore, apply to a
wide variety of circumstances. These range from setting
up a clinical laboratory in which an entire process needs
to be developed, to well-established clinical laboratories
in which a cell labeling protocol requires an update.

Avoid or Correct for High Autofluorescence

The degree of autofluorescence (generally most promi-
nent in mature myeloid-series cells, post cultured pri-
mary cells, and cell lines) is determined by measuring
an unstained, but fully processed, cell sample on the
flow cytometer using the same settings used during
measurements of the experimental samples. The relative
amount of autofluorescence in each detector can be
compared with reference intensities of nonbiological
particles (i.e., beads) measured with the same instru-
ment settings. However, if evaluated on a stable flow cy-
tometer with sufficient dynamic range to allow preset,
fixed detector voltages, the relative amount of autofluor-
escence can be measured directly, without the need
for reference particles. At the onset of protocol
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Fic. 4. Overlay bivariate histograms displaying compensated data
from unstained control (yellow, a), single positive (CD25-PECy5) con-
trol (black, b), FMO (no CD25-PECy5) control (green, c), and three-
color (CD4-PECy7, CD25-PECy5, and CD127-PE) sample (blue, d) of
human mononuclear peripheral blood cells. The circle indicates the
CD25 positive fraction of CD4 expressing cells, illustrating how an
FMO control rather than a single positive control allows for immediate
identification of positive cells on subpopulations of cells.
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Fic. 5. PE-conjugated mouse IgGl anti-human CD34, clone 581
produced by different manufacturers can show different binding char-
acteristics. Top panel: univariate histograms of PE-fluorescence.
Labeling a sample of human peripheral blood mononucleated cells
with antibody from manufacturer B results in a more than 30-fold
larger positive population than when labeled with antibody from manu-
facturer A. the lower panel shows through bivariate histograms of side
light scatter versus PE-fluorescence that the antibody from manufac-
turer B displays a high degree of undesirable binding. The cell popula-
tion of interest is circled. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

development, it might be possible to consider avoiding
excitation by a 488 nm laser line to minimize autofluor-
escence (most 488 nm excitable fluorochromes can be
excited by a 532 nm laser line as well). Alternatively,
autofluorescence can be corrected for by means of the
same procedure as routinely applied in spectral compen-
sation by regarding it as an additional fluorochrome
measured in an assigned detector (19,49).

Establish Antibody Specificity

It is important to first ensure the specificity of the
antibody intended to identify the protein of interest
(50). Although commercially available antibodies for clin-
ical applications are expected to have undergone exten-
sive QA/QC programs to meet the manufacturer’s strict
release criteria, antibodies with poor performance char-
acteristics do sometimes enter the market (Fig. 5)
(reviewed in Ref. 51). It has always been the user’s
responsibility to verify the manufacturer’s expected anti-
body binding characteristics (even for FDA/CE approved
kits where comparison with previous lots is required)
and thus all, rather than only one, of the aforementioned
controls may need to be incorporated in the develop-
ment of a cell labeling protocol to reliably call a
cell population truly positive (52). Equally important
in establishing a reliable antibody labeling protocol is
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verification by other technologies. Since flow cytometers
measure fluorescence as total intensity of a cell, informa-
tion about the signal’s (i.e., antibody) distribution on the
cell is lost. Fluorescence microscopy can be used to
examine the distribution of the fluorescence signal on,
or in a cell and often assists in distinguishing back-
ground from truly positive cells. In some cases, Western
blot can be used to obtain confidence about the anti-
body’s specificity (53).

Minimize Background Through Antibody Concentration
and Amount

After antibody specificity has been established, a
proper titration assay should be applied to determine
the antibody concentration resulting in the highest sig-
nal of the positive population and the lowest signal of
the negative population (29). When the positive and
negative population can be easily distinguished, the sep-
aration between the two can be expressed quantitatively
by means of the resolution or staining index. These data
can be used as a reference in future antibody titration
assays and in monitoring other lot numbers of the same
antibody-conjugate. In addition, maintaining small vol-
umes and high-cell concentrations during cell labeling
procedures avoids high background. Here, the use of an
unstained cell sample acts as a good reference to estab-
lish the degree of nontargeted antibody binding (back-
ground) observed in the internal negative control
population of the antibody-labeled cell sample.

Understand and Minimize Undesirable Antibody Binding

Most samples sent to the clinical flow laboratory for
routine assays (lymphocyte subset analysis, CD34 enu-
meration, and leukemia/lymphoma testing) contain suffi-
cient negative and positive cell populations to visually
estimate the degree of undesirable antibody binding by
comparing the intensity of the internal negative popula-
tion to that of the unstained control. If the background
is unexpectedly high, an isotype control may provide
some insight regarding its cause. The fluorescence inten-
sity of the “perfectly matched” isotype control should
be identical to that of the internal negative control. If
the isotype control signal is different from that of the in-
ternal negative control, the isotype antibody is either at
a different concentration than that of the target-specific
antibody, has nonspecific binding characteristics that are
different from those of the target-specific antibody, has a
different F/P ratio, or is not an “irrelevant” antibody.
The potentially different nonspecific binding characteris-
tics of an isotype antibody, the possible pitfalls in the
interpretation of the data (41) and the notion that it is
virtually impossible to manufacture the perfectly
matched isotype antibody, have lead to the reconsidera-
tion of earlier recommendations (54,55). Over the last
decade or so, it has become more widely accepted that
isotype controls are of little value in distinguishing posi-
tive from negative (6,30,41,44,52,56) and should there-
fore not be used to set positive gating regions for test
antibodies. Isotype controls are not recommended for
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Fic. 6. Human mononuclear peripheral blood cells labeled to identify regulatory T cells by cell surface markers. Regulatory T cells reside within
the CD25-bright subpopulation of CD4-expressing lymphocytes only (solid region), comprising only 5-10% of CD4+ T cells (58). (A) Using a two-
color flow cytometric assay, identification of the CD25-bright subpopulation of CD4-expressing lymphocytes may result in much higher percentages
than expected due to overlap with CD25-mid CD4-expressing cells (dotted region). (B) By including an additional marker (CD127) and Boolean gat-
ing (region bl selected events are displayed in histogram B2, regions bl + b2 selected events are displayed in histogram B3), a significant propor-
tion of the overlapping CD25-mid expressing cell population can be excluded. As a result, it becomes easier to distinguish the entire population of

CD25-bright CD4 expressing lymphocytes.

use in quantitative (cell counting) assays to determine
nonspecific binding (7-9,38,43,57). Similarly, isoclonic
controls should not be used in quantitative assays
because they block both specific and nonspecific bind-
ing due to the potential presence of targets that fluoro-
chrome-conjugated and unconjugated antibodies may
share. Some cell labeling protocols benefit from a step
that involves blocking agents to reduce Fc-receptor and
nonspecific binding of antibodies and thus background.

Minimize the Need for Spectral Compensation

The wide variety of fluorochrome-conjugated antibod-
ies available today makes it easier for the user to select
combinations with minimum spectral overlap to avoid a
decrease in sensitivity during analysis of multicolor cell
samples. In addition, it is worth spending time on opti-
mizing combinations of fluorochrome-conjugated anti-
bodies such that the low-antigen-density targets are
labeled with antibodies conjugated to bright fluoro-
chromes and targets expressed in abundance are labeled
with “less bright” conjugates (44,56). Multiple-laser
instruments offer the advantage of minimizing spectral
overlap by choosing less fluorochrome-conjugated anti-
bodies per laser. Singly labeled controls (or antibody-
binding particles) should be used to determine the
degree of spillover fluorescence into other detectors to
apply spectral compensation. FMO controls are appro-
priate to set regions in multicolor samples, whereas

both singly labeled and FMO controls can be used to
assess the level of background due to spectral overlap.

Identify the Population of Interest Through Sequential
Boolean Gating

When dealing with weakly positive cell populations,
the aforementioned steps may not result in the ability to
distinguish positive from negative cells. Given that iso-
clonic and isotype controls are not recommended for
quantitative use, but only as QA/QC tools in cell labeling
protocols, these controls cannot be used to accurately
delineate weakly positive cell populations from negative
ones. One strategy to accurately distinguish overlapping
cell populations (i.e., when neither resolution index nor
staining index can be determined) is to seek an addi-
tional, specific parameter that allows the cell population
of interest to be “pulled” out of the overlapping popula-
tion through sequential Boolean gating strategies. An
additional benefit of this approach (increasing the num-
ber of parameters used) is that the statistical likelihood
of an undesirable cell meeting the same criteria as the
cell of interest is significantly diminished. The ISHAGE
protocol for CD34+ cell enumeration (8,43) is an exam-
ple of such an approach in a clinical flow assay. In the
example shown in Panel A in Figure 6, the CD4-express-
ing CD25"rsht subpopulation significantly overlaps with
the CD25™¢ subpopulation which may result in overesti-
mating the percentage of cells of interest. Setting a
more specific region to exclude most of the CcD25™4
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population will also exclude many CD25"7€" cells. As

shown in Panel B, using an additional marker (CD127)
allows one to “pull out” and separate the entire
CD25"8" population of CD4+ T cells (regulatory T
cells) resulting in data that represent expected values
better (58). When there is no such parameter available,
a choice has to be made between the identification of
all cells of interest (enriched, impure population) or to
focus on cells of interest (small, pure population). How-
ever, such a choice will always come at the expense of
reduced assay accuracy.

The ability to reliably distinguish between positive
and negative populations of cells is an essential aspect
of clinical flow cytometry. To improve and maintain con-
sistency in the interpretation of flow cytometric data, it
is important to develop a cell labeling protocol that
maximizes this ability. A thorough understanding of the
role and appropriate use of control samples is a prereg-
uisite for optimizing cell labeling protocols. Further-
more, appropriate use of control samples, reliable cell
labeling protocols and the resulting accurate measure-
ment of positive cells, facilitate formulation of a consen-
sus regarding the utility of flow cytometry for the
analysis of clinical samples.
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