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6.1 INTRODUCTION

One of the major advances in laboratory medicine has been the ability to immuno-
logically identify specific subsets of leukocytes and other celis by their expression of
proteins and other markers. This process, termed “immunophenotyping.” employs
monoclonal antibodies reactive against cell-associaled determinants to distinguish
specific subsets within a heterogeneous mixture of cells. Quantification of a subset
of interest can be readily accomplished by the use of a flow cytomeier, an instrument
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that clectronically measures the mtensity of scadtered or emilted ight Fram mdi-
vidual cells as they pass before a laser,

In chnical Taboratories, immunophenotyping by Aow cyiametry has been invahu-
able for delining the cell ol origin of specific neoplasms, particularly in patients with
acute leukemia or non-Hodgkin's lymphoma (see Chapter 7). A second major appli-
cation is to provide information critical for the staging and management of human
immunodeficiency virus (HIV)-1 infected patients and patients with olher immune
deficiency syndromes (see Chapters §, 12 respectively); the data derived from analysis
of T-cell subsets play an important rele in guiding therapeutic decisions. A host of
additional applications, including quantification of hematopoietic stem cells (1] and
reticulocytes [2], diagnosis of acquired and congenital immune deficiency syndromes
(see Chapter 9}, paroxysmal nocturnal hemoglobinuria [3], detection of minimal resid-
val leukemia after therapy [4], and many others are either approved as in vifro diagnos-
tic (IVD) tests. or serve as diagnostic adjuncts to licensed tests. [n addition to clinical
considerations, these anatytic techniques provide essential information concerning the
structure and function of the cells comprising normal hematopoietic and lymphoid
cells. In addition to the analysis of cells that occur paturally as single-cell suspensions
{blood, lymph, bone marrow, cerebrospinal fluid, ascites, and eftusions), flow cytom-
etry can also be used to analyze marker expression and function in disaggregated tis-
sue specimens. This review will focus on the factors that make cytometry as robust as
it is, and also on avoiding the piifalls inherent in such a flexible technique.

Flow cytometry is a mature clinical technique at present. When it was first intro-
duced as a research tool a little more than 30 years age, both instrumentation and
analytical reagents were of limited usefulness [5]. The first instruments measured
fluorescence on a linear scale at a single wavelength and displayed the values on an
oscilloscope. The only means of recording and analyzing data was to make Polareid
photographs of the oscilloscope screen. Major advances in hardware and software
spurred by the digital revolution, which together with the development of monoclonal
antibodies and new dye technologies, have resulted tn the emergence of instruments
and procedures that are readily adaptable o clinical laboratories. Several publica-
tions are available that detail the principles of cytometry and the operation of flow
cytometers [6—12].

6.2 MONOCLONAL ANTIBODIES

The invention of monoctonal antibodies by Milstein and colleagues in 1977 [13]
changed the field of Alow cytomeiry, providing an inexhaustible supply of reagents
of exquisite specificity. By definition, a monoclonal antibody is an immunoglobulin
produced by a clonal population of immortalized hybridoma cells. Accordingly, the
antigen-binding sites are completely homogeneous, a situation very different from
naturally occurring {polyclonal) antibodies. Because of their homogeneity, hybrid-
omas can be selected which produce high-affinity antibodies with great specificity for
particular antigenic determinants, Within a year of Milstein's invention, monocional
antibodies specific for rat [14] and murine [15] helper T cetls and murine MHC anti-
gens [16] were described. Shortly thereafter. the description of three murine mono-
clonal antibodies specifte for buman T-cell surface determinants, designated OKTI,
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QRT3 and OKTH[17] paved the way Tor human studies. Today, these hybridomas aic
pecounized as producing aatibodies against the CDS. CD3, and CD4 determinants,
respeclively. Most of the monoclonal antibodies currently in use for the detection of
determinants on human cells are of murine origo. The antthodies are generated (o
proteins, glycoproteins, glycohipids, and carbohydrates, The biological functions of
these molecules are varied and include serving as membrane receptors or hgands
for soluble and contact-dependent signaling. acting as enzymes. membrane pumps.
or adhesion molecules. Antibodies that recognize intrucellular components such as
histones, lysosomes, signal transducing molecules, and cytokines, to name but a few
are available. Tn particular. the detection of protein activation states with antibodies
directed against specific phosphoepitopes, has opened up a new area in which Aow
cytometry can be used to probe cellular function (18,19].

Antibodies recognize and react against small peptide sequences of complex
antigenic molecules, Thus, each antigenic protein contains numerous small peptide
sequences, termed epitopes, to which monoclonal antibodies may be raised. Antibod-
ies o any epitope of the parent malecule can be used to identify the entire molecule.
Initially, this led to a nomenclature dilemma; each laboratory and commercial source
had unique designations for their moneclonal antibedies. To facilitate communication,
an international workshop established a consensus nomenclature (see historical review
of consensus nomenclature in Chapter 11) [20]. Cell surface antigens were assigned a
cluster of differentiation (CD) number based on their recognition by monoclonal anti-
bodies. All antibodies to the same antigen, regardless of their epitope specificity, were
grouped together. Thus, two or more antibodies, each reactive with a different epitope
on the same antigen are considered as directed against the same CD. In general, the
antigens themselves are identified by a CD number (e.g., CD3 on T cells) and the mone-
clonal antibodies recognizing them are grouped as anti-CD muomber (e.g., anti-CD3).

Ata workshop held in Vienna in 2006, 350 CD clusters were recognized. These
are listed and annotated as Tables 11.2 and 11.3 in Chapter 11. It is impertant to note
that few of the CD antigens are truly restricted to a single cellular lineage. With rare
exceptions {e.g., CD3 on T cells), lineage assignments cannot be made on the basis
of a single CD antigen. Rather, they are determined by the presence and absence of
& combination of markers.

6.3 FLUOROCHROMES AND FLUORESCENCE DETECTION

To detect the presence of a cell-bound monoclonal antibody by flow cytometry, the
antibody must be coupled either directly or indirectly to a fluorescent dye (fluoro-
chrome). These are the dyes that, when excited by light of a specific wavelength, emit
light at a longer wavelength {this is known as the Stokes shift). Because different dyes
have different Stokes shifts, they can be distinguished by passing emitted light through
a series of optical filters that permit only specific bandwidths of light to reach the pho-
tomultiplier tubes (PMTs) (Figure 6.1). The PMTs generate a signal proportional to
the intensity of the incident light. Through spectral compensation, which will be dis-
cussed in detail later, the processed signals can be quantitatively related to the amount
of dye bound to a particular cell. With appropriate standards, this in turn, can be used
to estimate the number of molecules targeted by the Auorescence-tagged antibody.
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FIGURE 6.1 Schematic operation of a three-color single-laser fow cytometer. The Auoro-
chrome-labeled cells are pumped through the flow cell, where they eater the light path of a
488-nm argon laser farrow). A photodiode aligned with the laser path captures light scattered
between 1.5° and 19° (FS¢). Before encountering this FSc detector, the scattered laser light
can be attenuated by a neutral density (ND) fiiter if needed; the laser beam ttself is blocked by
an obscuration bar. A collection lens is posilioned 90° from the incident laser light. This Jight
{which consists of both laser light scattered by the cell and light emitted by the Auorochromes
associated with the cell) passes through a series of dichroic mirrors and filters that separates
the Light sources on the basis of their wavelengths. In the instrument depicted here, light from
the argon laser (488 nm) is deflected to the side scatter photomultiplier tube ($Sc PMT) by a
488 dichroic long-pass (DL) mirror. Before reaching the SS¢ PMT, this light passes through
a 48%-nm band-pass (BP) filter, which blocks all other wavelengths. The use ol these filters
ensures that the $5¢ PMT measures only light emitted by the argen laser and scattered at 90°
by the cell. The light transmitted through the 488 DL mirror then passes through blocking
filters that attenuate any remaining scatiered laser light, leaving only the light emiited by
the cell-bound fAuorochromes. This emitted light is then deflected o the FL1 PMT, using
550-nm DL and 325-nm BP filters. Thus, the FL1 PMT captures a narrow bandwidth of light
cenlering on 525 nm (green fluorescence emitted, e.g., by the dye FITC). In the three-color
instrument shown here, this process is repeated iwo more times, with the FL2 and EL3 PMTs
capturing light of progressively longer wavelengths, emitied by addirional fluorochromes.
Commercially available cytometers with multiple lasers and photodetectors have been used
10 measure as many as 14 flusrochromes simultaneously, using the same principles {Modified
from Beckman Coulter Manual. COULTER EPICS XL/XL-MCL FLOW CYTOMETER,
PN 42373404A1-1, 6 April 1998, Elite XL Cytometer.).

In the simplest flow cytometers, light is supplied by a single air-cooled argon or
diode laser that emits blue light at a wavelength of 488 nm. Ultraviolet, violet, green,
yellow, and red lasers are becoming increasingly common as the list of available
fluorochromes grows and multiparameter fiow cytometry is more widely adopted.
The most commonly used fluorochromes include the old standbys fluorescein




Jluu,ll ate (t1HEC), ph yeoeryihio (PR and the PE-Lande ves (PE-Texas red,

["| OyS, PE-Cy3.5, and PL-Cy 7}, peridimin chlorophyll [\mluw {ld( P, allophyeo-
cyanin (APC) and the APC ndems: APC-Cy3.5 and APC-Cy7. The tandem dyes
are of particutar importance because they allow a single luser to excite as many s

six separate Auorochromes {e.g., FITC. PE. and the PE-tandems can all be excited by
a 488-nm laser). PE is a large fluorescent protein thit can be excited al 458 nm (but
is more efficiently excited by a green or yellow laser), and it emits at 578 nm. Nl can
be decorated with small dye molecules such as Texas red, Cy3, Cy3.5, or Cy7, which
are not excited by themselves at 488 nm. Known as free energy transfer in physics,
the excited PE, instead of emitting a photon ar a higher wavelength, divectly excites
the coupled dye. which then emits light at its characteristic wavelength. Several dif-
ferent PE-1andem dyes with increasingly longer Stokes shifis can be used simultane-
ously with a single blue or green laser capable of exciting PE. The cyanine and Alexa
dye families represent a new generation of desigrer dyes, which are specifically
engtneered for their excitation and emission characteristics.

Increasingly, antibodies conjugated to a variety of fuorochromes are commercially
available. For the direct staining procedure, a cell suspension is initially tncubated with
cne or more dye-coupled monoclonal antibodies directed against the determinants of
interest. In the indirect assay. ar unlabeled antibody against one target molecule is
used [o stain the cells. The presence of this antibody is detected by a second labeled
antibody. For example, T cells can be identified in human peripheral blood by stain-
ing with an unlabeled murine antibody directed against CD3. After washing away the
unbound antibody, a fluorescence-labeled goat antimouse immunoglobulin antibody
can be used to detect the presence of anti-CD3 on the human T cells. Indirect staining
can be used in concert with direct staining, provided the indirect staining is performed
first, and all free antimouse immunoglobulin-binding sites are blocked (with mouse
serum or purified mouse IgG) before adding the directly conjugated murine antibod-
ies. A relatively new development in which small quantities of monoclonal antibody
can be labeled with the antigen-specific portion (FAB) of an antiglobulin conjugated to
a dye of choice, provides additional flexibility [21]. Finally, antibodies that are directly
labeled with biotin can be purchased. Biotin is not fluorescent by itself, but binds to the
tetrameric molecule avidin or streptavidin with an unusually high affinity (hence it’s
name}, which in turn can be conjugated to the dye of choice. This provides versatility,
since a biotin-conjugated antibody can be used with your choice of avidin-conjugated
fluorochromes, and conversely, the same avidin-conjugated fluorochrome can be used
with an array of different biotinylated antibodies.

In addition to the fluorochromes used for labeling monoclenal antibodies, a wide
variety of dyes with useful biological properties can be used to identify cell popula-
tions or measure functions in living cells (Table 6.1).

6.4 HOW THE CYTOMETER WORKS

After cells have been labeled with dye-conjugated antibodies or other fluorescent
molecules, they are resuspended at an appropriate concentration and introduced
“single file™ into the analytical cytometer. The cell sample is injected into a stream
of sheath fluid {saline or distilled water), such that the sample stream forms a stable
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TABLE 6.1

ndbook of

Some Commonly Used Dyes and Fluorescent Molecules

Dye
DAPI[22-25]

7-AAD |26

Acridime vrange
[27-29]
Aldefluor [30]

BODIPY [3).32]
CFSE [33]

Crrags (34)

Green Auorescent
protein {GFP) and its
vapanis [35,36]

Hoechst 33342
[23.37.38]

inclo-1 [39.40)

JC-1 [41,42]
Muonochlorobimane [43]
Phi Phi Lux [44]

Propidium todide (PL)
[45—48)

Rhodamine 123
[37,49]

Maximal Excitation/

Emission (nm)

358401 p. bound
o D

5464047

495/519

505/513

5054513
4947514

6471670 {huge tail
allows excitation
wilth 488 line)

395509

3507461

3300401, 475
5144529
3944490
505/530

535/617 nm, bound
to nueleie aeids
507529

Properties

Binds 1o A'l-nich regions of DNAL Viabiliny
stainiig Eviable cells exclude dyer: Nuclear
(DNAG staining In permeabilized cells

Vihihity staining (viable cells exclude dye
MNuclear (DNA) staining i permeabitized cells

Measurement of DNA and tribonucleic acid)
RiNA

Monflucrescent molecule (BODIPY-
aminvacetaldehyde} that fluoresces when
converied 10 BODIPY-aminoacetate by
aldehyde detrydrogenase (acuve in stem cells)

Labeling drugs for uptake and effiux studies

Labeling cyloplasmic proteins of viabte cells
(cell racking and proliferation assays)

Muclear {DNA) staining of living
(nonpermeatilized) cells

Identification and soriing of transfected cells,
Variants provide alternative excitation/
SMISSIONS Maxima

Nuclear (DNA) staining of living
{nonpermeabilized) cells; Meisurement of
DNA content (¢ell cyeley Detection of cells
with constituuve MDR uransporter activity
{side population)

Intcacellular caleium concentration {ratiomenric)

Mitochondrial membrane patential

Measurement ol intracellular glutathions

Quenched fluorescent molecule linked to the
caspase-3 subsirate amino acid sequence
{DEVDGI). Fluoresces when cleaved by
caspase-3 {deteclion of apoptosis}

Viabiliy staining {viable cells exclude dye):
MNuclear {DNA} staining in permeabilized cells

MDR transporier-mediated dye efflux,
mitochondrial mass

Note:  DAPI—4.0-diamidinozphenylindole; CFSE—carboxy fluorescein succinimydal ester; JAAD—
T-amino actinomycin-D: BODIPY—DIPYmomethene BOron Difluoride.

core within the sheath stream. Because laminar flow is established between the two
streamns, sample and sheath Auid do not nermally mix, and the cells are concentrated
near the center of the sample stream by a process called hydrodynamic focusing. In
an analytical cytometer, which does not have the additional task of serting the cells,
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all this takes place within g quartz Qow cetl in which the celts are iluminated by one

or more lasers. Light scattered by the cells is capiured at o smid] angle (Torward light
scatder [ESc]) and ar 90 side scatter [SScld fion the incidunt Tight as they crose the

Taser path (Figure 6.1 FS¢ correlates well with cell size, whereas $8¢ measures the
cell's internal complexity (nuclear convolutions, vacuoles. elc), Forward scallered
light, because of its intensity. is usually detected by a relatively insensitive and tnex-
pensive photodicde, whereas side scatlered light. such as licht emitted by the tluore-
chromes with which the cells are labeled, s measured using very sensitive PMTs, [n
peripheral blood, small cellular debris, lymphocytes, granulocytes, and monocytes
can be distinguished on the basis of their intrinsic light-scattering properties alone
(Figure 6.2). The photens emitted by fluorescent dyes associated with the cell are
detected by PMTs, which with the aid of a series of filters. ¥imit the window of detec-
tion te the major emission region of particular fluorochromes (e.g.. with FITC. the
intensity of green light, between 515 and 335 nm). The analog cutput from the PMT,
a voltage pulse lasting for the duration of time that it takes the cell to transit the laser
line, is converted into one or more numbers that quantify the pulse (area, peak, or
duration of the pulse). Precisely, how this is accomplished differs from cytometer to
cytometer. The digitized daa, often corrected for spectral overlap (also called color
compensation} are stored in a data file called a lisr-mode file [50]. Conventionally.
these are given the extension fes or ./md. [n some cytometers, both compensated
and uncompensated data can be stored in the same file. A typical list-mode file can
be likened to a large data table in which the columns are the parameters (e.g., FSc,
S8¢, green, crange, and red fluorescence intensity), and each row represents a dis-
tinct event. [n the parlance of flow cytometrists, events are signals that may represent
¢ells but can also be debris or other sources of noise. The process of data collection

T T T T T T T T ey

Z35026 Imd FS CD4s FITC

T

FIGURE 6.2 Discrimination of lymphocyte, monocyte, and granulocyte populations by
light scaiter. This fixed control cel! preparation (CD Chex CD34, Streck Laboratories) was
also stained with anti-CD45, a marker expressed to varying degrees on all leukocytes. Color
eventing was used to mark the lymphocyte {green}, monocyte (red), and granulocyte (blue)
populations identified by light scatter alone. Subcellular debris can be seen on the lefi-hand
side of the lymphocyte pepulation. The populations visualized by light scatter also form dis-
crete populations based on CD45 and light scatter {right panel and inset). Note that debris and
red cells can be identified by light scatter but are better resolved with anti-CD43.
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i which cells are run through the cytometer and parameters describing individu|
events are stored i data files, is known as aegudsition. Depending on the complex-
ity of the data, they can either be analyzed in real time during sample acquisition or
effline by recalling the stored lisf-niode data files.

6.5 SAMPLES

Flow cylometric assays can be perlormed using anticoagulated blood or bone mar-
row. wsolated cell suspensions, cell cultures, or disaggregated tissue. In peripheral
blood, where erythrocytes outnumber white cells by 1000 o 1, ivis usually necessary
to remove them from the sample. It is not necessary to physically remove platelets
and small debris, because these can be thresholded out during acquisition (in this
case, the cytometer does nol count them), five gated during acquisition (evenls are
counted but nof saved in the list-mode file), or gated out on the basis of their fow
light scatter during analysis, Simitarly, cell doublets and clumps can be recognized
by their hight-scatter properties, and gated from the analysis (Figure 6.3},

As mentened eartier, normal leukocyies can be segregated into three distinct
groups, corresponding to lymphocytes, monocytes, and granulocytes, on the basis of
light scatter. A typical three-part differential was illustrated in Figure 6.2. Lympho-
cytes comprise the leukocyte population with the smallest cell diameter (FSc) and the
least internal complexity (S5¢). Monocytes are larger cells and have greater internal
complexity; neutrophils are cells of approximately the same size as monocytes but

Pulse width

FATSC Sort 7NOVLE 10.1cs

I i I I I I I r
£8C

FIGURE 6.3 Doublet discrimination can be perforiaed by comparing pulse analysis paran-
eters. The pulse parameters used for doublel discrimination differ between cytometer manu-
facturers. The dala shown here were collected using 2 Dake MoFlo sorter, where FSc pulse
height (x-axis) 1s plotled against forward scatter pulse width. Doublets and cell clusters have
widths 100 large for their peaks. Singlers are shown within the polygonal region.




with stll greater inkernal complexity. Because the scatter and Huorescence charac
istics of each event are recorded i the fist-mode tile. analysis of collected data can
be performed on all events or can be restricted o gated events G, cells that meet
predeternined scalter and fluorescence criteria).

Measurement of the percentage of peripheral blood T cells illustratzs the prin-
ciples of flow cytometry analysis. A unique characteristic ol mature T cells s the
prescnee of the membrane determinant CD3, a polypeptide that i« part of the T-cell
antigen receptor complex [31]. Ata minimunw T cells can be detected by incubating a
cell suspension with a FITC-labeled monoclonal antibody specific for an epitope pres-
ent on the CD3 determinant. The characteristics of cach cell in the suspension are then
analvzed and recorded. This includes correlates of two inherent physical characteris-
tics, size (FSc) and inlernal complexity (S5¢), and the intensity of green Auorescence
(anti-CD3 FITC) emitred by each cell. Even for a simple three-parameter problem,
such as this, there are several ways Lo approach data analysis. The conventional way
is 1o first establish a gate based on forward and side scatter alone to delineate the
lymphocyte population. The subsequent analysis of Huorescence is then limited o
evenls with scatter parameters falling within this fvwipliocyte gate. T cells are quanti-
fied as a fraction of cells falling within the lymphocyte gate. Although this approach
benefits from its simplicity, it does not exploit the fact that T cells and debris are very
well separated in the three-parameter space of this assay. Plotting CD3 versus SSc¢
(Figure 6.4) yields a distinct population (raw CD3 gate}, which can then be cleaned of
early apoptotic T cells or other artifacts by subsequentiy measuring forward and side
scatter on this population. This true T-cell gate then provides guidance for where to
mike the lower and upper cuts on the lymphocyte gate. The former is often obscured
by debris, and the latter by monocytes if we try to draw a l[ymphocyle gate on ungated
events. Once the gates are established, they can be validated against an isotype con-
trol and adjusted if necessary. The upper limit of staining with the isotype control can
be used to set a fluorescence cutoff: higher Auorescence is considered to indicate spe-
cific antibody binding, and therefore the presence of the target antigen. In the present
example, the isotype control consists of an FITC-labeled mouse 1gG without specific
reactivity to human leukocytes and of the same isotype as the anti-CD3 antibody.
Although the use of isotype controls is routine in many laboratories, interpretation of
the isotype control is subject to several pitfalls. A few of the commaonly encountered
problems are: control antibodies should be matched with respect to concentration and
Auorescence to protein ratio as well as isotype; specific binding can compete wilh
nonspecific binding, such that the negative peak in the control antibody is brighter
than the negative peak in the test sample; and positive and negative populations are
not always discretely bimodal, but may fuse to torm a single skewed distribution that
overlaps with the negative contrel. In this example, CD3+ and negative events are 5o
well separated that an isotope control is not strictly necessary to establish a cutpoint
between fluorescence positive and negative celis. In addition to measuring the percent
of T cells within the lymphocyte gate, the absolute circulating T-cell count can be cal-
culated by multiplying the percentage of FITC+ cells in the lymphocyte scatter gate
by the total number of circulating tymphocytes (cells/uL) delermined independently
with a hematology analyzer. Inherent in this procedure is the assumption that the
flow cytometer and the hematology analyzer detect the same events as lymphocytes.
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FIGURE 6.4 Gating on CD3 versus S5¢ prior to creating a lymphocyte gate. Many of us were taught
light scatter. It is our goal to discriminate between cells (the subject of our analysis) and debris, but it is

to begin analysis by creating gates on forward and side
often difficult to see a clear demarcarion between these

populations on the basis of light scatter alone (top 12fl panel), especially if many events have been acquired. 1t is often much easier to visualize the populs-
tion of interest (T cells, in this example) versus SSc. Here (top center panel), a rectangular gate has been created with reference to the isotype control and the
expected low 5S¢ characteristic of peripheral T cells. This population can be further cleaned with a conventional "lymphecyte rate” ibottom panels). Note rthat
events nonspecificatly binding the isotype conirol antibody (bottom right) have low FSc and relatively high $Sc characteristic of apoptotic lymphocytes.
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other samples or which the anulyzer has not been validated. A more robust sing/
platform mcthod ol deternmtining absolute counts by comparison to reference beads s
dlustrated m Section 6,16,

A major advantage of flow cylometers is their capacily to anals ze many diltor-
ent properties simultaneously, The recent invention of the inmaging flow cytometer
allows a peek ot what the cytometer 15 actually measuring. when cells pass single
file before the laser, The principal difference berween an imaging flow cylometer
(commercially manufactured by Amnis, Seattle. Washington) and a conventional
analytical cytometer is that the fluorescent light emitted by the cells, atter passing
through optical filters, is captured by a sensitive charge-coupled device camera in
such a way that separate images of each cell are captured at the wavelength bands
corresponding to fluorochrome emissions. As mentioned earlier, a conventional
flow cytometer quantifics emitted light using PMTs, and therefore is not capable of
assembling this information into images of individual cells. Each individual image
captured by an imaging flow cytometer can be analyzed for the intensity of light
scatter or fluorescent signals and displayed in much the same way as conventional
flow cytometry data are. Additionally, Auorescent signals can be localized to cellular
features (plasma membrane, nucleus, cytoplasm, Golgi, lysosomes, ete.). By regis-
tering several images of the same cell obtained at diftferent wavelengths, it can be
determined whether different fluorescent signals colocalize. This is very important
for functional measurements, since signaling molecules often translocate from the
cytoplasm to the nucleus when they are activated.

The example given in Figure 6.5 gives a glimpse of what an imaging Aow
cytometer sees when it looks al a sample of peripheral blood leukocytes stained
with anti-CD435 (a pan leukocyte marker}, anti-CD14 (z monocyte marker), anti-CD3,
and a nuclear dye—Draq35.

6.6 QUALITY CONTROL AND QUALITY ASSESSMENT

If there is a dark side to Aow cytometry, it is the perception that artful dial tweak-
ing can make any sample “show whatever the investigator wants.” Make a positive
sample negative or a negative sample positive? No problem. Even without intentional
malfeasance, potential variability in samples, reagents, staining procedures, instru-
mentation performance and settings, compensation of spectral overlap and data
analysis, conspire such that the default condition is often irceproducibility. As the
flow cytometry field has matured, so have guality control {QC) and quality assess-
ment procedures, Religious application of these standard measures is a necessary
step toward minimizing the most important sources of variation and assuring thal
the results are interpretable (although not necessarily what the investigator would
like). Performance and documentation of QC and assessment measures are routine
in clinical laboratories (and are required for certification}, but are no less important
in research or assay development settings. Rote performance of quality control mea-
sures, without understanding their rationale and without knowing how to respond
when deviations are detected, may be sufficient to satisfy an inspector, but does
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FIGURE 6.5 [maging flow cytometry provides a glimpse into what a flow cytomeler actu-
ally “sees” when siained cells are interrogated by a laser, and scaltered and emitted light
are picked off at 90° In this example, we chose something familiar. CD43, CD3, and CD(4
staining, The DNA inlercalating dye Draq5 was used as a nuclear stain. The upper histogram
shows patterns of CD45 intensity versus 53¢ that we would see by conventional Aow cylom-
etry. Populations of granulocyles, eosinophils, monocytes, and lymphocytes are identified
based on their characieristic patierns. The bottom histogram shows CD3 intensity on cells
falling within the lymphocyte gate. All this is very familiar to the flow cytometrist. What is
remarkable about imaging flow cytometry is that each event, shown as a dot in the histogram.
corresponds (o an actual image captured by the cytometer. These images can be recalled
simply by clicking on a dot. Alternaiively, all the images within a gate can be displayed as a
gallery (not shown).

improve assay consistency. This section will consider the most important aspects of
quality assessment and control.
QC in flow cytometry includes determining that

+ Sample processing is performed correctly
» The instrument is functioning properly

+ The instrument settings are consistent

» The regents are behaving as expected

= Data analysis is performed consistently

6.7 SAMPLE ACCESSION AND PROCESSING

As the applications for flow cytometry have grown so have the variety of samples and
metheds of sample processing. Clinical Jabs have sample accession criteria, which
slate the attributes that a sample must have before it is accepted into the laboratory.
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For peripheral biood, these may imclude how the sample 1s ted. the elupsed time
since sumple cotlection, samiple volume, the presence of o particular anticoagulant,
and the adequacy ol anticoagulation. Failure o meet these oriteria results either
in sample rejection, or sanyle acceptance afer noting the particular deviation and
its probable significance. Prior to performing cylomelry, peripheral blood samples
are conunonly subjected to some lorm of erythrocyte lysis or removal. Commuon
metheds of red cell lysis include a very brief exposure o a hypolonic solution or o
formic acid. or a more protracted incubation with ammonium chloride solution. Red
cells, mature granulocytes. and platelets may be removed or greatly reduced with a
Ficoll-Hypague density gradient (see details in Section 6.7.2) [52].

6.7.1  ANTICOAGULATION

The common anticoagulants used for peripheral blood and bone marrow samples are
heparin, ethylene diamine tetraacetic acid (EDTA), and acid citvate dextrose (ACD),
Heparin is a biological product isolated from bovine lung or porcine gut. It is a long
negatively charged highly suifated glycosoaminoglycan that interferes with the clot-
ting cascade by binding to and potentiating antithrombin I[1, Sodium heparin is
nontoxic at a dose effective to prevent clotting (10 Units/mL). It is the preferred anti-
coagulant when cells are to be used for assays of immune function. Despite its highly
charged nature, exposure to sodium heparin does not appear to adversely affect the
function of lymphocytes or monocytes. Heparin has an in vitro half-life, so it may
be exhausted in samples held overnight at room temperature or warmer. EDTA and
ACD both work by chelating divalent cations (calcium and magnesium), which are
necessary for clotting. EDTA is often the preferred anticoagulant for immunophe-
notyping sampies, whereas ACD is the major anticoagulant used in blood banking
and leukapheresis. Neither loses anticoagulating activity with time. Exposure to bolh
agents inhibits calcium and magnesium-dependent cellular processes, so they should
be avoided when functional tests are to be performed.

6.7.2 Rio Broop CeLL DepiemioN

Ficoll 400 is a sucrose polymer that is perceived as hypotonic by mature granulocytes,
but not lymphocytes, monocytes, or immature myeleid cells, Exposure to Ficoll causes
granulocytes to dehydrate, which increases their density. Hypaque, a dense radiclogical
contrast medium, is used to adjust the specific gravity of the Ficoll-Hypaque solution
to 1.077. Dilute anticoagulated blood is layered carefully on a cushion of Ficoll-
Hypaque requiring the same skills needed to make a clean “black and tan” by layering
Guininess stout on a cushion of Bass ale. After centrifugation (of the sample. not the
drink), the mononuclear cells and platelets are concentrated in a layer at the diluents’
Ficoll-Hypaque interface, and the red cells, granulocytes, and dead or dying mosno-
nuclear cells form a pellet at the bottom of the tube. The buffy coat is harvested from
the gradient interface and washed, removing platelets and residual Ficoll-Hypaque.
After the cells have been processed, cell viability is the major criterion for cell
quality. This can be measured independently using Trypan blue dye and a2 hemocy-
tometer, but it is often convenient to use an exclusion dye directly in the flow assay,
provided the cells are not fixed. Appropriate dyes excluded by living cells include
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deoxyribonucleic ucid (DNAY intercaluimg agents such as propidivim iodide (PT),
7-amino actinomyein D (7-AA D). or 4. 6-dinmidino2phenylindole (DAPLYE The first
Lwo are excitable with o blue (488 am) luser, whereas DAP! requires an ultavioler
(UV) or near-UV violet laser. Because loss of membrane integrity is a kite event
in the process of cell death, a cell cannot be presumed to be healthy solely on the
basis of dye exclusion. However, P1. 7-AAD, or DAPI positive cells have never been
known o come back to life. Mario Roederer is fond of saying that you should not
try [0 measure anything on a dead cell. Freshly isolated peripheral blood cells uni-
formly display excellent viability by dve exclusicon, therefore. less than 95% viability
may indicate sample mishandling. In contrast. cultured cell samples or single-cell
suspensions 1solated from disaggregated solid tissue normally contain a significant
proportion of dead or dying cells and subcellular debris. These are bad actors in
Aow cytometric assays, often displaying bright autofluorescent streaks and binding
antibodies nonspecifically. Assays on these types of samples often require a viability
dye or some other means of identifying and removing these spurious events. If cells
are to be fixed after staining, they can be gently permeabilized with saponin and
incubated with an intercalating dye shortly before acquisition on the cytometer. Dip-
loid cetis with intact DNA will appear as a uniform bright peak, whereas subcellular
debris and cells with fragmenied DNA will have lower fluorescence (Figure 6.6).
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FIGURE 6.6 Eliminating debris wilh a nuclear stain. This plot represents 2 million Ficoll-
Hypaque-separated bone marrow monenuclear cells that were stained. fixed, gently per-
meabilized, and stained with DAPL Despite the Ficoll-Hypaque separation, which removes
most red cells, mature granulocytes, and platelets, about 6% of the events have less than a
complete complement of DNA, indicating that they are red cells, apoptotic cells, or subcel-
lular fragments. Dead cells are often a source of interference in rare event analysis and should
be routinely removed by gating.




Cell clumping is sometimes a problem in bone marrow aspirates or single-cell

suspenston obtained from solid tissue by digestion with collagenuse. This clumping

sl
is often due 1o the release of DNA by shori-tived eranulocytes or other dead cells
within the prepavation. DNA clumps can be wdentficd by their siringy ghstening

appearance. DNA slimehalls enteap viable as well as dead cells and should be broken
up with DNAase as soon as they are detected.

Cells are often lixed after staining. both o stubilize them and render them non-
infectious. Formaldehyde. either freshly prepared from paraformaldehyde. or con-
mercially supplied as methanol-tree electron microscopy grade is commonly used st
iinal concentrations ranging from 0.25 to 2%. Maost, but not all bound antibodies are
unaffected by formaldehyde Axation.

6.8 ASSURING PROPER INSTRUMENT FUNCTION

Flow cytometers are complex pieces of equipment, but the types of failures that result
in data corruption are easily identified. The major instrument vendors specify daily
QC regimens that differ shghtly from one another, but the principles apply to all instru-
ments. The minimum recommended daily QC includes tests of instrument-relaled
variability and validation of PMT sellings (voltage and gain). The latter assumes thal
you already have arrived at settings for each individual fluorochrome {as well as light
scatter), and now you want to make certain that a signal of a given intensity gives the
same reading (mean fluorescence channel) today as it did yesterday. Although it is
desirable 1o standardize on PMT target channels for a given instrument, the use of
very bright or dim fluorochromes or very autofluorescent cells may necessitate assay-
specific settings. Arriving at appropriate settings for a given test will be discussed in
detail later.

[n an improperly functioning instrument, additional variability can be intro-
duced in a variety of ways. Debris in the flow cell can disrupt the laminar flow and
hydrodynamic focusing, resulting in turbulence or causing the sample stream to go
off center. A misaligned laser or dichroic mirror may decrease sensitivity and add
variability. When the sample stream is hydrodynamically focused. the optics are
well aligned and the electronics are functioning properly; reference beads manu-
factured to a very close tolerance limit will show litile bead-to-bead variability in
the cylometer, as manifested by a very sharp fluorescence intensity peak. A single-
bead preparation with broad fluorescence emissions properties such as FlowCheck®
(Beckman Coulter) can be used to test all Auorescence parameters and light scat-
ter. Such beads give a single sharp peak in each fluorescence parameter. Typically,
signals are acquired with linear amplification, and the mean and standard deviation
(SD) of fluorescence intensity are acquired for each fluorescence parameter. The
coefficient of variatien (CV), computed by dividing the 5D by the mean, is deter-
mined for each Huorescence parameter and compared to a target CV (typically =2%).
When this test fails. check that the beads are gated in forward and S$Sc on singlets
(beads can clump}, clean the instrument with water or bleach followed by water, and
try again. The persistence of broad peaks is an indicatien that service is required.
The instrument may still appear to function, but the data will be compromised by
the addition of unwanted noise.




Nest eommes the validation of PMT target channels. For a given cel! type and
cennbination ol reagents, you will have previously determined target channels for
fight scatter and Huorescence parameters. Precisely how this is accomplished will

be discussed in detal later. but for now assume that you have an assay with which
you are satishied, and you wish to be abfe 1o replicate it tfrom day to day. Previously,
during assay development you determined the appropriate guin for FSe, and voltages
and gains for S5¢ and fluorescence parameters; you next ran a standard Auorescent
bead (c.g.. FlowSet . Beckman Coulter) and determined its geometric meun Auo-
rescence intensity (MF1) in each parameter. These bead intensities were recorded
and now comprise the targel channels to be hit each time this assay is run. You start
with the exact settings {voltages and gains) used last time the assay was run, bug
adjust these settings for each fluorescence parameter, until the geometric MF] of
the standard fAuorescent bead is placed exactly in the target channel, The fact that
very little adjustment is usually required does not minimize the critical importance
of this element of QC. Here, it 1s important to stress two things: (1) it is the target
channe! and not the PMT voliage that must be held constant from day to day and (2)
if experiments are to be run that require different PMT settings, each experimental
setup will have its own set of target channels, which must be validared. In our labo-
ratory, we assign each set of PMT target channels a nickname. When a data file is
acquired using these settings, an abbreviation for this nickname is included in the
file name. As discussed later, keeping PMT target settings straight is very important
when offline compensation is to be used, since the single-stained compensation files
must be acquired with the same settings as the experimental data.

The optimal standard bead for validation of PMT settings depends on the instru-
ment configuration. In single-laser systems, a single bead with a broad fluorescence
emission spectrum such as FlowSe(® may suffice for all fiuorescence parameters. In
multilaser configurations, you may wish to use beads optimized for each light source,
We find that a single-bead preparation {Spherotech Inc., 8-peak Raibow Calibration
Particles®) is sufficiently bright when excited by our violet (405 nm), blue (488 nm}, and
red {635 nmy) lasers. We use the 7th or 8th peak to define our target channels, the lowest
detectable peak to validate sensitivity, and all of the peaks to validate linearity.

Senstitivity is a measure of the dimmest signal that an instrument can distinguish
from a negative {nonfluorescent) signal. It depends both on the measured differ-
ence in fluorescence intensity between dim and negative peaks, and their respec-
tive spreads (usually expressed as their CV). Sensitivity can be quantified as mean
channel separation of the negative and dimmest peak, which is calculated by raking
the difference of fluorescence intensities of the negative and dim peaks divided by
a pooled SD of both populations. For a given set of PMT targets, an instrument will
have characteristic sensitivities in each fluorescence parameter, which can be vali-
dated using multipeak beads (Figure 6.7).

Linearity refers to the relationship between the detected signal and the actual
(known) fluorescence intensity over a particular dynamic range. Linearity is
assessed using a cocktail of carefully calibrated beads of known fluorescence inten-
sity. The measured fluorescence (geometric MF1) of each peak is plotted versus the
reference values provided by the manufacturer and a linear regression analysis is
performed (Figure 6.8). The coefficient of correlation (#?), gives the proportion of
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FIGURE 6.7 Use of 8-peak beads 10 determine sensitivity and linearity. These Spherotech
rainbow calibralion particles are a mixture of negative beads {R1) and seven bead popula-
tions (R2-R7), each containing a known amount of a broadly fuorescent dye (calibrated in
equivalents of a given fluorochrome). In the present example, the dimmest peak is easily
distinguished from the negative peak, and the brightest peak is on scale.

variation in the measured parameter that is explained by variation in the known
values {as reviewed in Chapter 2). A perfect correlation (#* = 1} means that all of
the observed and expected pairs lie along a straight line. A slope of unity means
that the measured Auorescence increases in direct propertion to the expected Au-
orescence. The degree and range of linearity depends chiefly on the instrument
design and changes little from day to day. Although it is not necessary to check
sensitivity and linearity daily, the data are available if multipeak beads are used for
daily validation of PMT settings.

6.9 REAGENT AND PROCESS QUALITY CONTROL

Laboratories that are accredited by the College of American Pathologists (CAP)
must satisfy a checkhist that includes many aspects of reagent and process quality
assessment and control [53). According to CAF, “The laboratory has the responsibil-
ity for ensuring that all reagents, calibrators, and controls, whether purchased or pre-
pared by the laboratory, are appropriately reactive.” Further, *“verification of reagent
performance is required and must be documented.” Any of the several methods for
reagent validation may be appropriate, such as direct analysis with reference mate-
rials, paratlel testing of old versus new reagents (known as overlap testing), and
compartson with routine controls. When individually packaged reagents or kirs are
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FIGURE 6.8 The use of mullipeak beads to determine linearity. The data shown here ace the
geometric mean fluorescent intensities of the peaks shown in Figure 6.7 {y-axis), piotted versus
the known FITC equivalents per particle. Note that the unstained peak is not used because 0
is undefined on a log scale. The line shown is the least squares line of best fit of the log-trans-
formed values. The coefficient of correlation (7 = 1000} indicales that virtually all vana-
tions in y-axis measurements {measured fluorescence) are explained by varjations in x-axis
measurements {fluorescent molecules per particle). The slope of the line is also very close o
unrity {0.989, standard error = 0.007}, indicating a one-to-cne relationship between measured
and actual Alucrescence intensity. We were very pleased to learn that our new cylometer was
so linear.

used, criteria must be established to monitor reagent quality and stability. Processing
of periodic wet controls 1o validate reagent quality and operator technigue is also a
typical component of such a system. Records must be kept of each reagent used for
each test, its lot number, and the expiration date. Clinical laboratories in the United
States that manufacture cellular products for therapy are required by the Food and
Drug Administration to follow current Good Tissue Practices (¢GTP, as spectified
by 21 CFR 1270). as well as elements of current Good Manufacturing Practices
(cGMP). According to ¢cGMP, newly acquired reagents must be stored separately
(quarantined) from reagents currently in use until they have been overlap tested.

In research laboratories, where reagent management is more relaxed and conser-
vation of expensive materials is a priority, it is very important to understand which
reagents are stable and which require special care. Monoclonal antibodies themselves
have exceptional long-term stability when stored in a sterile environment at 4°C in
the presence of a carrier protein such as bovine serum albumin. This is how they
are usuaily supplied, and may also include sodium azide to inhibit microbiological
avergrowth. Antibodies conjugated directly with single dyes such as FITC, PE, and
APC c¢an also be used for years beyond their nominal expiration dates, providing that
they are well protected from exposure to light. In contrast, the tandem dyes, particu-
larly PE-Cy7 and APC-Cy7, pose a QC challenge to clinical and research laborato-
ries alike. Tandem dyes rely on energy transfer from the donor dye (e.g., PE} to the
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acceptor dye (e.g.. Cy7) When all are working properly. virtually all of the ene

is captured by the acceptor. and there is Hittle o no enission

cmitied by the donor
al the wavelenzth of the donor, However, photobleaching of the acceptor results not
only inudecrcased mtensity at the wavelength of the acceptor, but adso in stgnificant
emission at the wavelength ol the donor A vial of PE-Cy7-conjugaed antihody. 1’
lefi unprotected in ambient lght, will degrade in this munner in o matger ol hours
Ouality assessment of tanden dye-conjugated antibodies can be incorporated iito
the daily spectral compensution rourine (see Section 6.11).

In our laboratory, we use directly labeled beuds (Calibrite Beads. Becton
Dickinson) as compensation standards for antibodies conjugated with single dyes
{e.g.. FITC, PE. and APC}. For these dyes, the emission spectrum is a matter of
physics, and the emission of a bright FITC-conjugated plastic bead can be used
as a standard Tor any FITC-conjugaled antibody. Because the emission spectra
of tandem dyes 1s not identical between antibody preparations, and can change
with time for a given conjugated antibody, we run separate single stained controls
for each tandem dye-conjugated antibody used on a given day. When the epitope
detected by the antibody is both prevalent and bright, readily available cells, such
as peripheral blood mononuclear cells from a healthy donor are often used for
single-stained controls. We find that the routine use of antimouse Ig capture beads
{BD CompBead"”, Becton Dickinson) provides a far more reliable compensalion
standard. These beads are stained with tandem dye—conjugated antibody as one
would stain cells, but binding occurs because the antimurine Ig antibodies on the
bead’s surface recognize a constant region on the murine monoclonal antibody.
The resultis that virtually any murine antibody (even those that recognize epitopes
expressed at low density on rare cell populations) stains the beads with a sharp and
bright peak.

The health of a tandem dye can be gauged by examining the fluorescence inten-
sity al the acceptor wavelength. or the amount of compensation needed to correct
the spiflover from the acceptor to the denor wavelength. For example, capture beads
single-stained with a bad PE-Cy7 conjugate will have significant spillover into the
PE channel. It is important to remember when working with tandem dyes that the
stained sample must also be protecied from ambient light (e.g., with aluminum foil}
and acquired as soon as possible after staining.

The advent of commercial cellular control reagents censisting of gently fixed
or lyophilized human cells with published reference values has greatly facilitated
process assessment for flow cytometry. These control samples are stained in parallel
with test samples. Because acceptable ranges (percent positive and absolute number)
are published by the manufacturer, the assay provides an overall metric for quality
assessment of the instrument, reagents, staining. and data analysis procedures. An
example using CD-Chex Plus™ (Streck Laboratories) as a control for a T-cell absolute
count assay is shown in Figure 6.9.

Summarizing the total guality assessment process:

* Determine the CV of a homogeneous test bead in each channel. Make cer-
tain that the rarget CV is not exceeded

+ Adjust PMT voltage and gain such that standard beads are placed in their
target channel




1000 - 1000-
1200
10004 800 800 £D3+: 11404
800, Beads: 12460 g %00 chase. 74701 7 ® o0
600 2 400- ] © apn]
R 2
n 73]
200 200 \
| Oy 2 i, i i
" — b2 e 100 10! 17 100 104 107 107 167 10° 107
L CD45 FITC CO3 PE
FL4
10%73 1000 -
1 GCD45contim: 11395 00 1 Scatter confum: 11394
103-43 o 800
wo 5
o ! 8 GOO—_ 1
g 107 8 el —
Q I' & 400 = —
10" / 1T T
0 7 200 ﬁ
! RS zvome |
T ——— =
10 10! 102 108 10% 0 200 400 600 800 1000
CD45 FITC Forward scatter

FIGURE 6.9 D Chex Plus reference standards for the single-platform determinaiion of CD3 absolute count. CD Chex Plus relerence cells were stabned with
anti-CD45 and anti-CD3 monoclonal antibodies and processed according to a fvse. no wash protocol. Calibration beads (SternCount. Beckman Couwie.. 1o
detected as a sharp bright peak (rop feft) and the number of events within the peak was determined (12,460). Beads were removed from subsequent plois with
2 nor gate, Next CD45+ cells (levkocyles) were identified (rop cenrer). CD3+ cells with Jow SS¢ were identified within the CD453+ population e riehin usd
this population was cizaned up on the basis of CD45 expression (botrom fefty and light scatier (bortom righe). The absolute leukocyte counl was caleulated as the

mumber of CDA5+ events (74,701 divided by (he number of bead events (12,460), multiplied by the known concentration of the beads (1,022 beadsful), The T-cell
count was calculated similarly. In this example, the measured leukocyte count was 6,127 cells/uL and the measured T-cell count was 935 cells/pL. These vilues
were within the published reference ranges (6,100 # 500 for feukocytes and 1,179 = 264 for T cells).
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o Determine linew iI_- and sensitiy il:-.- ol the instrument in each channel using
mullipeak beads

o Stamn [g caprure beads wath all tandem dye conjueated reagents 1o be useed
lor the day

« Determine and evaluate PE spillover Tor all antibodies conjupated to tan
deim dyes by statning le capture beads

o Create compensation matrices using T2 capture beads for all wodenn dye
antibodies and integrally stained beads in place of all single-dye comjugated
antibodies

» Stain a verity ube using control cells (e.g.. CD-Chex Plus™) (acquire duta
and compare observed and expected values)

+ Graph and monitor PMT voltages required to meet target channels as a
function of time (Levey-Jennings plots, see Section 6.14)

6.10 CHOOSING PHOTOMULTIPLIER TUBE GAIN SETTINGS

In the early days of flow cytometry, choosing proper PMT setlings was a simple
task. Unstained cells, usually human peripheral blood mononuclear cells. were run
and the PMT voltage and gain settings were adjusied until the peak of this negative
sample was placed within the lower portion ol the first decade of log fluorescence
intensity plots. Care was taken not to let more than half of the cells fall off axis
{i.e., in the first channel). This process was repeated for each flucrescence param-
eter. Two things have changed that make this process a bit more challenging. First,
the use of multiple laser lines and far red and infrared emitting dyes means that
the intrinsic Aucrescence (autofluorescence} of unstained cells is not equivalent
across the fluorescence parameters. Second. in the days of entirely analog signal
processing, a good part of the signal detected in the fArst decade was due to instru-
ment noise, and thus independent of sample. Modern ¢ytometers are still imper-
fect at the lower end of the first decade, but improved signal processing requires
one to define where in first decade artifact ends and the signal begins. For newer
instrumentation with digital signal processing, Holden Maecker of BD Bioscience
recommends plotting the CV of an unstained sample as a function of PMT voltage.
gradually moving the peak across the frst decade. As the voltage is increased. the
CV decreases sharply initially and then levels of f (Figure 6.10). This is due both to
raising a greater proportion of events off axis (increasing the mean and therefore
lowering the CV) and to an actual sharpening of the peak as the contribution of
instrument noise diminishes. After the voltage setting at which the CV levels off
has been determined, standard beads are run at thar setting to establish the target
bead channe! (channel in which the bead peak falls). This rarget channel must be
reproduced during daily QC. Beyond this, there are two more factors to be con-
sidered in selecting PMT target channels: (1) The brightest positive signals (o be
encountered in stained samples must be on scale (data in the last channel cannot
be compensated for spectral overlap) and (2) The PMT settings for the different
fluorescence parameters should be sufficiently balanced to permit compensation
for spectral overlap. Why this is important will be explained in Section 6.11.
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FIGURE 6.10 Determination of the optimai PMT voltage on unstained peripheral blood
Iymphocytes. Unsiained peripheral blood cells were acquired within a lymphocyte light scat-
ter gate. For each Auorescence parameter, the PMT voltage was gradually increased and the
percent of events falling on scale and the CV of the peak were determined at each voltage
setting. The resulls were plotted, and negative exponentially weighted curve smoothes were
applied o the points. The example shown here 15 for the FLI PMT, which was sel up to mea-
sure green fluorescence. At the lowest voltage tested, most of the cells were off scale (ie,
piled up in the first channel) and the CV was very high, At 450 V, about half of the cells were
on scale (left panel, dashed lines), but the CV was still relatively kigh. This would be the low-
est recommended setting, and would be used if very bright events were (o be acquired in FLL
The CV continued 10 decrease with increasing voltage and was close to ils lower asymplote
at 500 V (right panel, dashed lines). This would be the preferced selting for the majority of
cases. It is important to note Lhat this seiting is optimized for peripheral blocd lymphocytes,
which have relatively little autofluorescence. Different settings may be required for culured
cells or disaggregated solid tissues,

6.11  COLOR COMPENSATION MADE SIMPLE

Spectral or color compensation has been treated extensively elsewhere [54-57]. Yet,
it remains the most common source of error and vexation for cytomelrists every-
where. This section is meant to be a practical guide to understanding and avoiding
the pitfalls of color compensation, rather than a complete exploration of the physical
principles and mathematics. Color compensation can be thought of as correcting for
the spillover of a given fiuorochrome from the fuorescence channel in which it is
intended 10 be measured to ali of the other fluorescence channels, The spillover coef-
ficient from channe! A into channel B (SC,_,) (e.g.. from the FITC channel into the
PE channel) is measured by running a single-stained sample meant to be detected in
channel A and dividing the geometric MFI of the peak detected in channel B (Flg}
by that of channel A (MFIL,) (Figure 6.11%:.

MFL,

(SCap) = MET,

This spillover coefficient, SC,_;, gives the proportion of the signal detecled in chan-

nel A that will be spuriously detected in channel B. It is dependent not only on
the emission spectrum of the particular fluorochrome, but also on the relative gains

_ N
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FIGURE 6.11  Determining spillover coefhciems, FITC-labeled Calibrite beads were
acquured and the geometric MFl was determined for each fluorescence parameter. The
x-axes are labeled corvesponding to the fluorochromes 1o be measured in the experimental
satup. The spillover of FITC into the PE channel can be expressed as the MF1 of FITC
beads in the PE channel divided by the MFEI of FITC beads in the FITC channel. In this
example, it is 12.2%. The areater the difference in emission wavelength between FITC and
ihe other Auorochromes, the fower the spillover. This is not the case for tandem dyes, which
often huve significant spillover at the emission wavelength of the donor dye.

of the two PMTs. Spillover coefficients can also be conceived of and calculated as
slopes. since SC, g is the change in MFl; as a function of MFIL,.

In a two-color instrument, where spillover and compensation coefficients are
almost identical, the Auprescence intensity of an event detected in channel B can
be corrected for spectval overlap (Flge,,,) by subtracting the fluorescence intensity
detected in channel A multiplied by the spillover coefficient of A into B:

Flacomp = Flg = (FL, X SC, )

The two-way spillover coefficients (A into B and B into A) are minimized, and thus
cormpensation is minimized, when both PMTs are balanced. PMT balance cannot be
achieved by applying equal voltages to the two PMTs, because PMT sensilivity is not
standardized and often very different voltages are required to achieve equal results
from ditferent PMTs. Further, perfectly balanced PMTs are not always desirable. If
you wish to detect a dim signal in channel B, the gain of PMTy can be increased
relative to that of A. This will resuit in greater spillover of A into B (and hence
greater compensation) and less spillover of B into A (less compensation). This may
seem counterintuitive, but consider how we defined the spillover coefficient. Simi-
larly, it may be necessary to lower the sensitivity of a PMT if it is used to detect an
exceptionally bright fluorochrome. 1t is for these reasons that PMT target channels
cannot be chosen solely by evaluation of unstained conirols, and it is often necessary
to have different PMT target channel sets for different applications.

One more item remains to be addressed before we leave the theoretical, and that
is the difference between spillover and compensation coefficients. As we mentioned
earlier, they are very close, but not identical in a two-color problem. As the number of
fluorescence parameters increases they further diverge. For example, when three fluo-
rochromes are used, the total signal detected in channel A results from the true signal
from fluorachrome A, plus the spillover of fluorochrome B into A, plus the spillover of
Cinto A. We wish to correct (compensate), such that the effects of spillover are elimi-
nated and only the true signal from fiuorochrome A is measured. But the propottion
of the signal in B to be subtracted from A is not correctly described by the spillover
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coclhcient of B into A, because some ol the signal detected in channel B s due to

spillover of A into B and C tto B. Fortunately, ths type of a problem is addressed by
the tickd of linear algebra and the true compensation coefficients can be described by
a series of simultancous equations amd solved with matrix aleebras Al modern aute-
mated compensation software use this algorithm, sometimes referred o as the meady
frversion method (58],

Now that we have seen why color compensation is necessary, we cian examine praic-
tical ways in which it can be implemented and assessed in simple and conplex applica-
tions, The CD34 test used in our chintcal laboratory (StemKit . Beckman Coulter} is
nominally a four-color assay, bul one fluorescence channel is used o identity viable
cells by 7-AAD exclusion. and one channel is used 1o detect StemCoum® beads as a
reference for absolute celf counting. Thus, we have a two-color compensation problem
(anti-CD45 FITC versus anti-CD34 PE). Because these are single dyes for which the
eimission spectra are constant, the amount of color compensation required should
never change, provided the PMT gains are consistent from day 10 day (this is ensured
by validating the PMT target channels). However, accrediting bodies such as the
CAP requive color compensation to be validated on a regular basis. For the CD34
assay, we validate our compensation settings weekly using unstained, FITC and PE
Calibrite™ beads. We use the same Auorescence PMT settings to be used in our assay
(but differemt forward and side scatter, adjusted for bead detection). These settings
are adjusied daily against FlowSet- beads. In the clinical laboratory, we are still
using a very mature software package (System 11%, Beckman Ceulter) that includes a
semiautomated compensation algorithm, which mimics old-fashioned manual com-
pensation by matching the fluorescence intensity of the negative population with that
of the stained beads (e.g., compensation is increased until the intensity of the FITC
standard in the PE channel matches that of the unstained beads), We have not found
it necessary to change the compensation values over a period of years, providing an
additional independent validation of the PMT settings. Real-lime data analysis is
performed during data acquisition using the validated compensation values; com-
pensated data are saved to list-mode files containing the original analysis protocol,
in case reanalysis is necessary. _

For complex multicolor analyses, real-time coler compensation and data analysis
may not always be feasible or desirable. Further, the classical technique of matching
median fuorescence intensities described earlier is not the most efficient or the most
accurate. All modern flow cytometry analysis software packages support offline
compensation. Compensation is computed from measurements of spillover or slopes
of single-stained samples, using the sweet range of the cytometer rather than the
troublesome first decade. The advisabiiity of performing a fully automated compen-
sation on multicolor data cannot be over emphasized.

As detailed previously, PMT setting validation, linearity, and sensitivity testing are
done daily, and single-stained beads (directly labeled or Ig capture) are acquired for each
run. It is critical that the single-stained contrel beads be acquired at the same fluores-
cence PMT settings as the actual samples, and for tandem dyes, that the single-stained
controls be performed with the actual labeled antibodies used to stain the sample.

Compensation matrices derived from mix-and-match single-stained bead list-
mode files are computed and applied during data analysis. When tandem dyes are




used. it s not unusual 1o create four separate compensation matrices for a punel

consisting ol four Lubes. Data-presentation aids that allow on-axis events 1o be
vistahzed g Basehine OFtset from Beckman Coulter and Log Bias from Verity
Software House) must never be used during compensation, because even grossiy
overcompensated evenrs appear (0 be perfectly compensated.

With the exception of DNAL ploidy measurements, and a lew other specihe apph-
cittions, most fluorescence data are conventionally displayved on a logarithmic scale.
Compured to a linear scale. a log scale emphasizes (spreads out} lower values and
compresses higher ones. It alse normalizes the distribution of luorescence intensity
within a given cell population, and is a very useful way of visualizing data that is dis-
tributed over a wide dynamic range. Zere and negative numbers are undefined on a
log scale. and this often creates a prablem causing data o pife wp on Lhe axes. A new
favily ot data display scales (biexponential, hyperbolic sine function. HyperLog
[59]) offers the best of linear and log displays. These scales are approximately linear
on the low end of the scale and become logarithmic at higher values. Like a lincar
scale, 0 and negative values are defined. This is very useful for evaluating compensa-
rion, since the mean Flgc,,,, for a sample single-stained with A should be 0. Because
measurements have variance (spread), a symmetrical distribution of the data around
the nican of 0 means that there will be both positive and negative values. This is eas-
ily visuaiized in a HyperLog plot (Figure 6.12), but imissed eantirely in a conventional
log display where 0 and negative values are undefined. and events with fluorescence
less than or equal to the lowest value defined in the scale are crowded together on the
axis. It will take time before this type of display is universally accepted and it is not
without problems (determining how much graphic space to devole to negative values

Logarithmic scale Hyperlog scale

CD34 ECD
CD34 ECD

- & b )
| BB L N i e L L S N R R L B R R L B L B L B S I B L

CD45 APC-Cy7 CD45 APC-Cy7

FIGURE 6.12  Use of the HyperLog scale to evaluaie spectral compensation. In this exam-
ple, the same data are displayed on a conventional logarithmic scale (left panel) and on a
HyperLog scale (right panel). The origin of the quadrants on the right panel indicates Auores-
cence intensities of zero, Zero and negative values are undefined on the logarithmic scale, and
all such values pile up on the axes. When data are properly compensated, negative popula-
tions are symmetrically distributed about the origin.
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is dilficuit because the range of negative vatues can be guite varishle). However, |
solves fur more problems than it creates. and is Hkely 1o become the standied,

One more word on compensation standards: When using tandem dyes we sirongly
recommend against using cells stained with a bright antibody (c.c.. CD43 PE Cy?",
CDE APC-Cy7) as a compensation standard for other antibodies conjugated with ihe
same tander dye. Although this is recommended by some cytometer manuluclurers,
it makes the assumption that both antibodies require the same amount ol compensa-
tion. This is asking for trouble.

6.12 QUALITY CONTROL FOR ABSOLUTE COUNTS

The single-platform absolute count method using the lvse no wash method 15 widely
used for determining absolute CD34 or T-cell counts {i.e., quantifying the concentra-
tion in cells/microliters). The principle is simple. According Lo one popular method, a
known and carefully measured volurne of sample is deposited in a tube and stained by
the addition of directly labeled monoclonal antibodies. After staining. the red blood
cells are lysed by the addition of a large excess of ammonium chloride—based lysing
selution. Calibration beads of known concentration, of volume equal to the sample
volume and measured with equal care, is then added. After gentle mixing, a viability
dye is added and the sample is acquired on the flow cytometer. Because the sample
was never washed, there is no opportunity for cell loss. It is of little consequence that
the unbound antibody is still present in the sample; pulses caused when labeled cells
are interrogated by the laser are measured relative to the background fluorescence of
the sample stream (baseline) and thus are seen above the noise caused by unbound
fluorcchrome. During analysis, the internal standard beads are identified by their
unique scatter and fluorescence profile. The number of bead events is counted and
compared to the number of events of interest {e.g., CD45+ CD34+ cells). The abso-
lute count is determined as the number of events of interest divided by the number
of beads and multiplied by the known bead concentration. Given proper instrument
performance and accurate gating of the beads and the events of interest, there are
only two key steps in the process: The beads must be handled properly (brought io
temperature and gently mixed) to assure that the bead concentration added is the
same as that stated by the manufacturer (usually about | X 10%mL). The same pipet-
ting device should be used for beads and sample, because the precision of volume
measurement is critical (see Chapter 2, Statistics, for a discussion of precision versus
accuracy). A positive displacement pipette is best for this purpose. Note that the
volumes of antibody and lysing solution do not enter into the abselute count equation
and are therefore not critical. Beyond relying on the bead concentration stated by the
manufacturer, bead concentration can be independently confirmed on a hematology
counter, An example of the single-platform method is given in Section 6.16.

6.13 QUALITY CONTROL FOR QUANTITATIVE FLUORESCENCE

Flow cytometers are so linear and perform well aver such a large dynamic range that
it is natural that they should be used for making quantitative measurements of pro-
teins and other molecules detected on single cells. The problem has always been one




ol calibration. How many molecules do you have on a cell when they have a particular
MET? The Quorescence ol CD4+ T-cells can be used us a poorman’s quantitative stan
dard. providing that {1y normal peripheral Blood mononuclear cetls, which are known
to express an average 50,000 CD4 molecules per T-cell [60], are tsed as the standard:
{23 antibody conjugation is well controlled., such that antibodies being compared have
tlentical fuorescence to protein ratios (PE 15 easiest, since o well-conjugated anti-
hody has one PE molecule per antibody meicculed and (3) the antibodies ave used
al epitope saturating concentrations. The number of molecules of inlerest can then
be calculated by taking the ratio of the geometric MFI of the molecule of interest
divided by that of the CD4+ population and multiplying by 50,000 [61]. A more
elegant and better-accepted method involves the use of 2 series of multipeak beads
calibrated in terms of molecules of equivalent soluble Auorescence (MESE) units
(Quantum Bead~”, Bangs Laboratories). The beads arve run daily and a linear regres-
sion 15 performed on geometric MFI of the beads versus known MESFE. The MESF
of the experimental sample 18 then determined by plugging the MFI of the unknown
into the regression equation. The measurement of ZAP 70 expression in chionic
lymphocytic leukemia provides a clinical example of the utility of quantitative fluo-
rescence as a prognostic indicator. An excellent paper by Chen et al. [62] compares
several methodologies, including quantitative Auorescence determined as molecules
of equivalent seluble fluorochrome, in the context of ZAP 70 measurement.

6.14 USE OF LEVEY-JENNINGS PLOTS

Levey-Jennings plots provide a handy way to examine QC data for trends over time
and a suitable means for the periodic review of QC data (Figure 6.13). Levey—Jennings
plots can be used to show results (percent positive of a process control standard} or
settings (such as the voltage required to hit a PMT target channel) as a function of
time. Rather than show raw results on the y-axis, Levey—Jennings plots transform the
data by subtracting the mean of a series of historical observations, and then scaling the
results in terms of SDs (catculated from the same historical values). This transforma-
tion provides an enormous advantage over merely plotting the raw data. Assuming that
normally eccurring random fAuctuations in performance have a Gaussian distribution,
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FIGURE 6.13 Levey—lennings plot of changes in FLI voliage with time. The y-axis i3
scaled in SD units. Dashed lines show a range 2 SD below and above the mean. Over the
plotted time period, the average voltage required 10 meet the target channel, as defined with
FlowSel beads. was 760 ¥V = 2.2 (SD). Here, the SD (2.2 V) is so small that we are not con-
cerned that the voltage dropped almost 2 SD below the mean on days 7 and 7.




the Levey-Jennings scale fucilitates a probabilistic interpretation of daily QC resulis,
All positive dala are above the mean historical value, and ali negative datia wre below
i A value one SD above or below the mean has o 329 probability of ocourring s g
result of random Nuetuation. Results 2 and 3 SDs bevond the mean would be expecie
onfy 4.6 and 0.3% of the time. respectively. When it is improbable that o Auctuation of
# wihven magnitude has vecurred by chance. it implios that something has chunged thar
has caused your results o fall outside your historical norms, Even for samples falling
well within the expected runge. the probability that two consecutive values [all above
the mean (00 on the Levey=Jennings plot) is high (1 in 23, but the probability of six con-
secutive values lying above the mean is only |in 32, and therefore indicative of drifi.

6.15 DON'T QC LIKE A MONKEY

We know of laboratories in which QC is performed religiously but seldom if ever
acted on, and laboratories in which thorough QC is performed flor a standard setting,
but not the predominant settings currently used by the laboratory. Regrettably, such
missteps have even cropped up from time 1o time in laboratories under the author’s
direction. The key is understanding deeply that QC is not just a thankless chore
fwhich it undoubtedly is); but, additionally, it is the only thing that separates the
reproducible from the irreproducible. How 1o avoid QC’ing like o monkey? Look al
the results with a practiced eye:

+  Are the CVs of your standard beads getting wider?

* Has there been a sudden increase or an increasing trend in the PMT voli-
ages needed to meet your target channels (the Levey-Jenuings plot is a
great way to spot this)?

» Has the dimmest peak that you can resclve with multipeak beads
changed?

+ Is the PE or APC spillover of individual tandem dye conjugated antibodies
increasing?

» Do you have to make unexplained adjustments in scatter or fluorescence
analytical regions?

Such changes may indicate an instrumentation problem, such as a failing compo-
nent, misalignment, a vacuum leak, or a dirty flow cell, any of which could compro-
mise data integrity.

6.16 TWO PRACTICAL EXAMPLES

This section provides two practical examples of assays vsed in the clinic that came
directly out of the research laboratory. The first provides a means of measuring abso-
lute T-cell counts in samples where the frequency of T cells is low. We use this test
in the hematopoietic stem cell laboratory to quantify T cells in T-depleted stem cell
graft products. It provides an example of a bead-calibrated single-platform assay, and
provides an opportunity to review the principles of rare event detection. The second




imple examines the detection of cutaneous T-cell lymphoma in the blood by T-cell

(S

receplar ii! R v-beta analysis, 1t provides an example of the classificr/ontcome gal
ing strategy recommended For nultiparameter I]m» cylomelry pmll TS, A8 \lLll as
clever use of Huorochromes to mcasure six specilicitios using a hive-color mstrument.

6.16.1  SINGLE-PLaTFORM DETECTION OF ABSOLUTE
T-CeLt Counts as Rare Events

Beckman Coulter pioneered the clinical use of the single-plaiform fvse o wash
assay when it infroduced the StemKit. a test for quantitying CD34+ cells, StemKit
is labeled for IVD use in the United States and is also CE-marked (the equivalent in
the European Union). Single platform means that absolute counts (cell/ul.) can be
obtained using only a conventional Aow cytomeler (in contrast, a dual platforin assay
would relate CD34 percent in a sample to the white blood cell [WBC| determined
on a hematology analyzer Lo determine CD34+ cells/pL). Lyse no wash means that
a whole blood sample is stuined and erylhrocytes are lysed without a wash step.
This eliminates the inevitable loss of cells when centrifuging and decanting. We
have used the principles of the StemKit assay te develop an in-house test to quantify
T cells in samples in which they are very rare, for example, in the blood of patients
immediately after myeloablative or immunoablative therapy, or in T-cell depleted
araft products. Such honie brew assays are classified as analvie specific reagent
{ASR) tests by the Food and Drug Administration (FDA), and can be reported for
clintcal use providing that the laboratory has proper Clinical Laboratory Improve-
ment Amendments {CLIA) certification, and the report is accompanied by an ASR
disclosure. In our CD3 rare event assay. the number of replicates to be run depends
on the WBC, with six replicates run when the WBC count is 250 cells/pL. or less.
[n this case, heparinized blood (200 pl) i1s added 1o seven tubes very precisely with
a positive displacement pipettor. Six tubes are stained with anti-CD45-FITC/anti-
CD3-PE and one is stained with anti-CD45-FITC/isotype-PE. After staining, cells
are lysed by the addition of 2 mL of ammonium chleride lysing solution. 100 pl. of
StemCount Fluerospheres™ (ar a known concentration stated by the manufacturer)
are added with the same pipettor used for the sample. After the addition of the via-
bility dye, 7AAD, the cells are held on ice and exhaustively acquired on the flow
cytometer. The six replicate stained samples are acquired first. Because the entire
volume of each of the 6 samples is acquired, this is the equivalent of counting every
cell in 1.2 mL of whole blood. A blank tube is acquired next te minimize sample car-
ryover, followed by the isotype control tube. Figure 6.14 shows typical results for a
patieni sample assayed 3 days after receiving an immunoablative regimen consisting
of cyclophosphamide, fludarabine, and antithymocyte globulin. Figure 6.15 shows
data from the same patient immediately after having completed the therapy. The data
are shown in reverse chronological order to explain the gating strategy better. Only
one of six replicate determinations is shown, but the replicates were used to calculate
confidence intervals about the determinations. The patient’s T-cell count nadired at
0.84 = 0.11 CD3/uL at day 0 (mean = SEM), and had recovered 1o 7.83 = 1.40
CD3/uL 3 days later.
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FIGURE 6.18 Detection of CD3+ T cells as rare evenis in the peripheral blood of a patient three days after completing immunoablative therapy.
To achieve maximum sensitivity, whole heparinized blood (200 pL} was stained with anti-CD45-FITC and anti-CD3-PF in six-plicate and cells were
acquired to exhaustion. SiemCount beads are identified by their high fluorescence in FL4 versus time {gate A). These are removed from subsequent
analyses using a not gate. Collecting time as a parameter facilitates identification of fluidic and other instrumeni problems during sample acquisition,
WBCs are identified by CD45 expression (gate B). Note the extraordinary amount of debris, The WBC gate, compounded with the not bead care is
passed (o a histogram of anti-CD3 versus 55c¢. CD3+ events with low 5S¢ are identified (gate C). The compound gate of WBC, not bead, and CD 3+
is passed to a histogram of CD45 versus SSe, where T cells are distinguished from noise by their bright expression of CD45 (gate D). No events fitting
these criteria were seen 1n the isotype contrel {not shown}. The compound gate of WBC, not bead, CD3+, and bright CD45 expression is passed 10w
histogram of forward scatrer versus 5S¢ (gate E), which is used to eliminate events with low forward scatter. The aumber of CD3+ cells obained in
gate E, taken as a percent of WBCs identified in gale B, represents the percent of CD3+ cells. For determination of the viability of CD3-+ cells. the
compound gate of WBC, not bead, CD3+, bright CD45 expression, and intermediate to high forward scatter is passed to a histogram of forward scaiter
versus intracellular 7JAAD concentration (FL3). Because TAAD is excluded by viable cells, viable CD3+ cells are detected in region F. Even in samples
with low overall viability, the proportion of dead cells within the F region is invariably low. This is because the majority of dead and dying cells huve
low forward scatter and are eliminated by gate E, Tt is for this reason that we measure and report CD3 viability using a compeund gate of W BC, not
bead, CD3+, and bright CD45 expression, where viable CD3+ cells are detected in region G and reported as a percent of cells in gate D. Similarly.
viable WBCs are detected in region H and reported as a percent of cells in gate B. Absolute WBC and CD3 counts are obtained by dividing ihe cvents
in gates B and E, respectively, by 2 (the ratio of sample volume to bead volume); dividing by the number of beadx in gaie A; and then multiphving b
the known StemCount bead concentration (1 X 105/mL}. [n this sample. CD3+ cells represented 0.655% of CD45+ events. The viability of total WBCs
(CD45+) and CD3+ cealls exceeded 99%.
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FIGURE 6.15 Detection of CD3+ T cells as rare events in the peripheral blood of a patient on day 0 after completing tmmunocahlative thevapy. The same
analysis shown in the preceding figure was performed on blood collected immediately after completing immunoablative therapy. Even after acquiring the
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light scatter (gate E) and high viability. The peripheral CD3 count was less than ! cell/uL. For gates A, G, and H are applied as described in Figure 614
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6.16.2  Derecmion oF CirculATING Tumor IN Cutaneous T-Cru

LymrHOMA BY THE ANALYSIS OF T-CeLL Recertor v-Bera Usaci

Cutancote el lvmphomans o ceneralt term tat covers several types of T-cell Iym-
phosir of the skino In a variant knosn as Sézary syndrome, the presenting features
olten include widesprawd rediess of the skin (erythroderimal with severe itching.
Lymph nodes arc enlarzed und the matignant T eells found in the skin are also lound
in the circulation. Because the malignanr cells are clonal, they have identical TCR
specificities, and therefore. identical v-beta usage. If the v-beta speciticity of the
skin lesion is known, a circulating tumor can be identified by the excess proportion
that they comprise in the peripheral blood. T-cell subsets. roughly corresponding
e naive. memory. effector memory. and late effector cells can be defined by their
expression of CD45 isoform (63,64] and CD27 165-67]. CD28 [68.69], or CDA2L
[70.7H. 1f the malignant clone is uniquely or predominantly confined to a particular
T-cell subset. then examining v-bela usage by the subsel provides greater sensitivity
to detect the circulating tumor.

In the present example, we examine peripheral blood from a Sézary patient.
After separation on a Ficoll-Hypaque gradient, the mononuclear cells were stained
in bulk with a cocktail of anti-CD4-PECy7, anti-CD45R A-ECD, and anti-CD27-
PC5. The stained cells were aliquoted into 10 microtiter wells (~1 million cells/
well), centrifuged, and the supernatant decanted. Eight wells were used to measure
24 v-beta specificities, one well for TCR alpha—beta/gamma—delta and one for the
FITC and PE isotype controls. The Beta Mark anti-TCR v-beta staining kit, com-
mercialized by Beckman Coulter, was used for v-beta detection. The v-beta reagents
cccupied the FITC and PE channels, but covered three v-beta specificities per well.
This is possible because only one v-beta specificity is expressed on any given T cell.
Thus for a mixture of antibodies 1o the v-beta families X, Y and Z, X was FITC
confugated, Y was PE conjugated, and Z was a mixture of FITC and PE conjugated
antibodies.

We used a classifier/outcome gating strategy to examine TCR v-bera usage in
T-cell subsets. Primary classifiers are sequential, whereas secondary classifiers
branch. In this case, the primary classifiers used 1o identify CD4+ T cells and clean
them up were: forward versus log S8c¢, CD4 versus log $Sc¢, and forward versus log
SScagain (Figure £.16). The secondary classifiers, CD45R A versus CD27 were used
to define four subsets within CD4+ cells. The outcomes, namely v-beta specificities,
were measured on total CD4+ lymphocytes, and each CD4 subset,

Figure 6.16 details the anzlysis of | of the 10 wells in the panel (v-betas 13.1,
{3.6, and 8). The v-beta specificities are given as a percentage of total CD4+ lympho-
cytes, and of each CD4 subset. The values would be meaningless without reference to
expected values derived from a population of healthy control subjects (Figure 6.17).
The reason that these ranges are computed and displaved in a logarithmic scale is cril-
ical to their interpretarion and is explained in detail in Chapter 2, Statistics. From this
figure, it is clear that our patient has a marked expansion of v-beta 13.1 CD4+ T cells
(12.5% versus the 95th percentile reference range of 2.2-6.64%). Further, the expan-
sion is confined to the CD45RA+ CD27 negative effecror population, in which they
represent 68.6% of all gated celfs. This is an important finding, since this patient’s
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FIGURE 6.16  Use of the classifier/foutcome stralegy to determine TCR v-beta distribution
among subsets of CD4+ lymphocytes. The primary classifiers (light scatter, CD4) are used
sequentially to identify a population of CD4+ Ilymphocytes free of dead cells, debris, and
monocyles. The secondary classifiers, CD45R A and CD27 are used 10 define the CD4 sub-
sets. The outcome paramelers (v-beta families) are measured on all the populations detined
by the classifiers (total CD4, CD4 subsets). This particular subject, a patient with cutaneous
T-cell lymphoma, has a marked expansion in v-beta 3.1, as determined by comparison to
expected values defined in Figure 6.17. Virtually, all excess v-beta 131+ cells are members
of the CD45R A+, CD27— effector subsel.
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FIGURE 617 TCR v-beta usage in healthy adull subjects. The geometric mean values
tbars). 95th percentiles (brackets), as well as individuul contro! subject values {open circles)
are shawn, The proportion of v-beta 13.1, 13.6, and 8 positive CD4 T cells, determined in a
peripheral blood sample from a patient with cutaneous T-cell lymphoma (Figure 6.16) are
shown with stars. The patient has a significantly higher than expected proportion of v-beta
13.14 cells. which represents an expansion of the malignani clone. This expansion was even
more pronounced in the CD45R A+, CD27— effector subset.

WBC was within normal limts, and circulating S€zary cells are morphologically
difficult to differentiate from normal activated T cells. (For more details on Sézary
syndrome see Chapter 7.)

This analysis illustrates several principles: (1) Cells were stained in bulk for
markers common to all wells; (2) After making a rough cut on forward versus log
85S¢ to eliminate unambiguous debris, CD4+ lymphocytes were distinguished from
CD4%™ monocytes using CD4 versus log SSc; (3) These CD4+ cells were further
cleaned up with an additional forward versus log SSc gate. The rare blast population
(high forward scatter) could have been analyzed separately; (4) The analysis was
performed according to a classifier/outcome stralegy. 1sotype controls were run on
the outcome parameters only, allowing the regions for v-beta populations to be set
with confidence; and (3) Time versus forward scatter was examined to detect any
irregularities occurring during acquisition (not shown).

6.17 CLOSING REMARKS

This chapter attempts 10 explain the rudiments of clinical Aow cytometry with par-
ticular emphasis on avoiding some of the most common pitfalls in instrument setup,
experimental design, and data analysis. The most important point that I would like
t0 communicate is that it is the very flexibility of the flow cytometer that makes
it dangerous when placed into inattentive hands. Attention to detail, which means
proper calibration, proper experimental controls, and a basic knowledge of the work-
ings of the cytometer, all help ensure that the results will be interpretable. Even if
you will never operate a flow cytometer, you witl almost certainly need to inter-
pret results created by someone else, or even analyze primary data yourself. If you
are a laboratorian, it is your respensibility to ask your fow operator how she or he
QCs the instrument (and to understand the answer), as well as to learn the controls
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and standards appropriate o your experiment. Flow cytometers are almost uniquely

robust. such thar sew tests can be devised as new necds arise. However, the further

wo move from welb-validated chimeal assays into the realm of the experimental, the
more vigilant we should be. [n the words o Albert Einstem. {1 we knew whar it wyy
we were doing, it would not be called research. would ic?”
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