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Abstract
These guidelines are

a consensus work of a considerable number of members of the

immunology and flow cytometry community. They provide the theory and key practi-
cal aspects of flow cytometry enabling immunologists to avoid the common errors that
often undermine immunological data. Notably, there are comprehensive sections of all
major immune cell types with helpful Tables detailing phenotypes in murine and human
cells. The latest flow cytometry techniques and applications are also described, featuring
examples of the data that can be generated and, importantly, how the data can be anal-

ysed. Furthermore, th

ere are sections detailing tips, tricks and pitfalls to avoid, all writ-

ten and peer-reviewed by leading experts in the field, making this an essential research

companion.

Additional supporting information may be found online in the Supporting Information
section at the end of the article.

Note: In order to make the guidelines as beneficial as possible to the scientific
community, if you wish to refer to a specific section when referring to these
guidelines, please ensure to use the Chapter and Section information. For exam-

ple: ...as noted in section VII

1. Cossarizza, A., Chang, H. D

A1 of [17 ...

., Radbruch, A., Acs, A., Adam, A., Adam-Klages,

S., Agace, W. et al., Guidelines for the use of flow cytometry and cell sorting in
immunological studies (second edition) Eur. J. Immunol. 2019. 49: 1457-1973.

1899
1900
1900
1901
1901
1902
1902
1902
1902
1903
1903
1903
1904
1904
1904
1904
1904
1905
1907
1907

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

Introduction

Continuing my theme of the marriage between immunology and
cytometry noted in my Introduction to the previous version of
these Guidelines [1], long relationships always have periods in
which the partners have contrasting feelings for each other, and
may eventually divorce; however, this does not seem to be the case
for immunology and cytometry, disciplines that continue with a
very stable and incredibly productive marriage, as witnessed by
the enormous number of publications in almost all areas of the
immunology discipline that we all love. It is indeed almost impos-
sible to count the original papers, reviews, abstracts, and meeting
communications, and talks in which an immunologist, from under-
graduate students to Nobel laureates, has measured a parameter
of interest at the single cell, organelle, or even molecular level
using one of the sophisticated cytometric technologies that we are
discussing here.

Unfortunately, measuring what happens in a biological system,
starting from the single cell level (that is, ‘cyto’ for cell, ‘metry’ for
measure) is not as simple as it seems, and can lead to results that
are not always optimal. In most cases, flow cytometry is relatively
easy to use, and often even a brief training—if not the simple read-
ing of a bench manual or a rapid glance over a protocol—enables
a researcher to use a flow cytometer and start producing data. As
we have already pointed out in ref. [1], paradoxically, this is a
main weakness of cytometry. Indeed, a well-trained cytometrist
can often identify in published papers experimental aspects or
data that must be improved, if not fully redone. The importance
of adequate controls, correct compensation, clean and well mon-
itored sorting strategies, correct data analysis, presentation, and
interpretation, and the description of the methods used cannot be
stressed enough.

It is for these reasons, a few years ago, following enthusias-
tic discussions at the European Congress of Immunology held in
Vienna, September 2015, and under the guidance of Professor
Andreas Radbruch (at that time Chair of the Executive Commit-
tee of the European Journal of Immunology (EJI) and currently
EFIS President), that the Editorial Team of the European Journal
of Immunology felt that it was worthwhile to offer our community
guidelines for the correct use of cytometric techniques in the field
of immunology. For this, we were able to put together a large team
of renowned experts who prepared a first collection of protocols
of interest for our community.

In the previous version of the guidelines, which was authored
by 236 scientists from 194 institutions spread across the world, we
focused on core aspects including advice and best practice regard-
ing how to study complex cell phenotypes, the type or amount
of molecules produced or secreted after stimulation by the cell
population of interest, signaling processes, differentiation, prolif-
eration, cell death, cytotoxic activities, cell-cell interactions, the
functionality of organelles such as mitochondria, the different
types of response induced against tumours, transcription factor
activity, quantification of soluble molecules, drug uptake, and rare
events, not forgetting the parts related to the choice of reagents,
the preparation and/or storage of the cells under analysis, the
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overall experimental plan, and last but not least, the analysis of
data.

But a good scientist knows that all efforts, including those col-
lected in extensive guidelines like ours, can and must be improved.
Accordingly, we asked for feedback on the published guidelines
and received critical comments, new ideas, and suggestions for
this new version, and here we are! In this updated version, we
have tried to ameliorate and update several parts and the reader
will find more standardized sections that should make it easier
to navigate throughout the text that now features novel tips and
pitfalls to avoid. Importantly the phenotyping sections are clearly
divided into human and murine sections, again to help the reader
find the section most relevant to their work.

There are also several new or expanded sections, with the phe-
notyping section covering all the major cell types including, for
example, dendritic cells and their subsets, unconventional T cells,
such as gamma delta, NKT or MAIT cells, B cells, and beyond, as
well as sections covering the functional aspects of regulatory T
cells and recently described assays on antigen specific cells. There
is also the identification and characterization of bone marrow and
cord blood neutrophils, plus liver cells and brain/neural cells are
actors that play a crucial role in the economy of the immune system
and can now be analyzed by cytometric assays. Soluble molecules
have received particular attention with cytokine-producing cell
sorting with secretion assays, as well as the quantification of sol-
uble cytokines with cytometric bead arrays, are now described.
A discussion regarding single cell genomics and cytometry is
also present, along with novel cytometric views on the micro-
biota, methods to detect inflammasome assembly and activation
in immune cells, and assays related to multidrug resistance.

The importance of the optimal organization of a laboratory
is self-evident, and clearly highlighted in the new sections that
describe how to perform flow cytometry under GLP/GMP condi-
tions, how to set up and maintain a core facility, including house-
keeping/shared resource lab management, as well as covering
the importance of sample banking and high-throughput screening
methods.

There is no need to underline how fundamental and complex
data analysis is, especially when we are coping with polychro-
matic and high dimensional flow cytometry, and are able to detect
dozens of antigens in a cell—not to mention mass cytometry. As
an aside, who will be the first to measure 100 parameters in a sin-
gle cell by using a cytometric assay? Thus, new sections are now
present that discuss neuronal networks, dimensionality reduction,
methods for clustering and creating trajectories, and integration
of cytometric data into multi-omics analysis among others. We
would like to stress once again that today the limit for asking crit-
ical questions is our creativity, and certainly not the instruments,
the technology, or the bioinformatics approach that we can use in
our experiments.

The following three points have already been flagged in the
previous version of the Guidelines but we would nonetheless like
to remind our readers that, first, “FACS” (fluorescence activated
cell sorting) should only be used for Becton Dickinson (BD) tech-
nologies as it is a BD trademark (FACS™); the more general term
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“flow cytometry” (for the pure analysis of the cells of interest) or
“flow cytometry cell sorting” (obviously, if one sorts cells) should
be used to be company agnostic and correct. Second, CD mAbs
and not anti-CD mAbs (in other words, CD1 mAb and not anti-
CD1 mAb for example) should be used. This is because the CD
nomenclature is primarily a system to cluster/characterize mAbs
and it was only later accepted to use this system to also describe
the respective CD molecules. Third, although the Guidelines are
as comprehensive as possible, there are naturally limitations, e.g.,
only a subset of antibodies and antigens are shown and, at times,
only certain reagents/companies are used as examples, and others
work in the same excellent manner.

In conclusion, we would like to thank the people who played
a major role in ensuring that Andreas Radbruch’s and Andrea
Cossarizza’s vision became a reality. These are Hyun-Dong Chang
and Ute Hoffman, both at the DRFZ (Berlin), and Karen Chu, for-
mer Associate Editor, who were instrumental in getting the first
version of the guidelines in place. For the revision, Nadja Bako-
cevic (Associate Editor), Sylvia Heider (Editorial Assistant), Cate
Livingstone (Managing Editor), and Laura Soto-Vazquez (Asso-
ciate Editor) of the European Journal of Inmunology, together with
Hyun-Dong Chang and Ute Hoffman, worked tirelessly together
with the authors and those providing feedback to ensure that this
revised version is a significant improvement. It is a job that is
never done as, due to time limits, some suggestions could not be
incorporated but we feel that this version will continue to provide
invaluable advice for the immunology community.

I Cytometry equipment

1 Fluidic system of a flow cytometer

1.1 Purposes of the fluidic system of a flow cytometer

To accurately measure optical properties of cells with a flow
cytometer, cells have to pass through the uniformly bright cen-
ter of focused laser beams. Light collection optics is focused on
the intersection point of cells with the laser beams to pick up flu-
orescence and scattered light from cells. This is the sensing zone
of a flow cytometer, here, the measurements of cell parameters
are taken. In stream-in-air cell sorters, the sensing zone is located
around 0.3 mm under the nozzle tip, in other cytometers it is
located inside a cuvette.

One purpose of the fluidic system is to move the cells one by
one precisely through the sensing region in a liquid stream in such
a way that each cell is illuminated by the same amount of light
from the lasers.

In cytometers with sort capabilities or cell sorters, the fluidic
system has to establish a stable break off from the liquid stream
in small uniform droplets. Droplets containing the cells of interest
can be charged and deflected in an electric field for sorting.

This kind of cell sorting technique was invented by Mack
J. Fulwyler in 1965 at Los Alamos National Laboratory [2].
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Figure 1. Sample core after hydrodynamic focussing by laminar sheath
flow in a flow chamber.

Mack Fulwyler needed a machine for testing the performance
of Coulter counters, so the first particle separator was used
for sorting of particles with different Coulter volumes. Len
Herzenberg was interested in a machine that could sort living
cells on the basis of fluorescence, he got the design plans of
the particle separator from Mack Fulwyler and found a little
group at Stanford University to build the first FACS in the late
1960s (see the video Inventing the Cell Sorter, Herzenberg Lab,
https://www.youtube.com/watch?v=Ro8P3w9BPhg).

1.2 Hydrodynamic focusing

For precise positioning of cells in a liquid jet, the hydrodynamic
focusing technique is used in most cytometers and cell counters
[3].

The cells in suspension are injected by a thin tubing in a laminar
flow of a sheath fluid that enters from a wide tubing into a narrow
tubing or small orifice. The sheath flow speeds up when it enters
the narrow tubing and the diameter of sheath and sample flow
(sample core) is decreased (Fig. 1). Crosland-Taylor described
this technique first in Nature 1953 [4] and used it in a device for
counting small particles suspended in a fluid. Some years before in
1947, F.T. Gucker used a similar technique for detecting bacteria
in a laminar sheath stream of air [5].

The hydrodynamic focusing takes place in the so-called flow
chamber or flow cell of a cytometer. A detailed description of an
optimized flow chamber for a stream-in-air cell sorter can be found
in the patent applications from Gerrit van den Engh [6, 7]) and
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Cytometry equipment
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Figure 2. Intensity profile of a focus spot of a gaussian laser beam. Note: if a cell is out of the center of the laser focus by 10 uym (20 pm sample
core), laser intensity goes down about 5% with a 60 pym diameter laser focus.

a flow chamber of a cuvette system is found in another patent
application from BD [8].

In addition to flow chambers for laser based cytometers, flow
chambers with hydrodynamic focusing for cytometers with an arc
lamp light source were developed. These early cytometers were
based on a standard fluorescence microscope with epi- fluores-
cence setup. Here, the same microscope lens is used to bring exci-
tation light to the cells and take fluorescence emission from the
cells. Excitation and emission light is separated by a dichroic mir-
ror and special filters. With an immersion microscope lens of high
numerical aperture, a stabilized arc lamp and optimized staining
protocol, and DNA histograms with coefficient of variations (CVs)
lower than 1% (0.50-0.7%) were achieved [9, 10].

With the hydrodynamic focusing technique, cells can be aligned
to a precision of one micrometer. With high sample flow rates the
sample core is increased, however, and cells in the sample core
can move out of the focus center of the laser. Thus, not all cells
get the same amount of laser illumination. This means that the
accuracy of measurements is lost.

To avoid loss of measurement precision when the sample core
increases and to maintain laser intensity, cytometers use elliptical
laser focus spots. Typical sizes of focus spot are 60-150 pm hori-
zontally and 5-20 um vertically. Recently, beam shaping optics for
flat top focused laser beams were introduced in flow cytometers by
the manufacturer. The intensity profile of a Gaussian laser beam
with 60, 100, and 150 pm focus diameters is shown in Fig. 2.

An approximation of the sample core diameter d in microme-
ters is given in ref. [11] as follows:

d = 1.13 % 1000 * Ju/nv with u = particle measurement rate
in particle per second, n =particle concentration in particle/mL,
and v = jet velocity in m/s.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

An approximation of the jet velocity is given by
v =3,7 % vdelta P

with v in m/s and delta P, the sheath pressure drop at the nozzle
in psi (in practice around the pressure on the sheath container
minus 1 to 3 psi pressure drop on tubings and sterile filter).

The approximation of the sample core diameter calculation
shows that for a ten times lower sample concentration a more
than three times bigger sample core diameter is necessary to keep
the particle measurement rate.

For the sheath fluid, PBS (phosphate buffered saline) fil-
tered through a 0.22 or 0.1 um filter is often used. The sheath
fluid should be compatible with cells or species that have to be
sorted.

1.3 Acoustic focusing of particles in a liquid stream

An acoustic focusing technology was developed by Gregory
Kaduchak and co-workers at the Los Alamos National Laboratory
in 2001 and introduced to flow cytometry [12, 13]. Recently,
the acoustic focusing technique was implemented into a flow
cytometer to support hydrodynamic focusing. This technique helps
to increase measurement precision in particular if wide sample
cores are used. According to the manufacturer, cytometers with
acoustic-assisted hydrodynamic focusing can run samples with low
concentrations of cells up to ten times faster as compared with
cytometers without and still maintain the precision of the mea-
surements. The fundamentals of acoustic cytometry are given in
ref. [14].
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Figure 3. Liquid stream of a jet in air sensing cell sorter. Depending
of abort settings of the cell sorter, cells that are too close together are
aborted from sorting. Reproduced with permission from ref. [16].

1.4 Droplet generation of a cell sorter

Based on the invention from Richard Sweet [15], droplet forma-
tion of the liquid jet of a cell sorter is stabilized by vibrations of
an ultrasonic transducer.

Little disturbances on the surface of the liquid jet at the exit
of the nozzle orifice are generated by the transducer. The dis-
turbances grow exponentially and lead to break up of the jet in
little droplets [3, 11]. A cell of interest that should be sorted is
measured at the sensing zone and moves down the stream to the
breakoff point. During the separation of the droplet with the cell
in it from the intact liquid jet, a voltage pulse is given to the liquid
jet. So electrons are caught with the cell in a droplet and cannot go
back when the droplet is separated from the liquid stream and the
voltage pulse is shut off. The droplet with the cell is charged and
can be deflected in a static electric field of two deflection plates
for sorting (Fig. 3).

It is important for the sorting process that the cell of interest is
at the right place when a voltage pulse is given to the liquid jet to
charge a droplet. The delay from the measurements of cell param-
eters to the charging pulse is determined by the cell sorter operator
or by the cell sorter electronics. This is done with the help of flu-
orescent beads and a laser beam under the deflection plates. The
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laser beam illuminates the streams of deflected and undeflected
droplets. The fluorescent beads are sorted all in one direction, and
with a camera, the fluorescence in the droplet streams is observed
on a monitor. During observation of the fluorescent spots the drop
delay is changed so that the brightness of the fluorescence of the
deflected droplet stream is maximized and the brightness of the
fluorescence of the un-deflected droplet stream is minimized. The
distance from the sensing zone to the break off point is controlled
by a microscope and held constant.

The delay setting is fixed during sorting and in general the
break off distance is kept constant by the operator. If the velocity
of the liquid jet is constant during sorting the sorting works fine,
but in practice this is not always the case. Small changes of sheath
pressure, for example, due to partial clogging of the sheath filter
can alter jet velocity during sorting. Petersen and van den Engh
have examined the problem and showed how little variations of
sheath pressure can disturb the sorting process and how the oper-
ator can handle it [17]. Toralf Kaiser examined how temperature
changes of sheath fluid alters sorting performance and gives a
solution for stabilizing sheath fluid temperature [18]).

A schematic of a typical fluid system of a cell stream-in-air
sorter is shown in Fig. 4.

2 Optics and electronics

2.1 Introduction

From a technical point of view, a flow cytometer is a light detection
device capable of detecting photons of different wavelengths over
a high dynamic range. In order to achieve a high dynamic range,
the optics, signal detection, and processing units must be carefully
designed.

2.2 Optics

2.2.1 Lenses. In flow cytometers, lenses are used to collect light
emitted from the cell of interest, i.e., due to their spatial resolu-
tion they collect light only from the point of interest. Furthermore,
they are used to make the collected light parallel in order to direct
it through the optical bench to the detectors. A flow cytometer
employs collection and collimation lenses. Collection lenses (con-
vex lenses) are used to focus the light from the interrogation point
either to the end of an optical fiber or directly to a collimation lens
(e.g., aspheric condenser lenses). Some instruments use optical
fibers to route the detected light to detectors, which are installed
in an octagon. In this case, a collimation lens is installed at the
other end of the fiber to ensure that all light is routed parallel
through the octagon. Inside the octagon another collimation lens
is placed in front of each detector to focus the parallel light onto
the photocathode. In instruments without fiber optics the parallel
light is routed through the optical bench and then focused onto
the photocathode by a collimation lens.
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2.2.2 Optical filter.
are spectrally broadband and therefore unable to generate a signal

The photodetectors used in flow cytometers

exclusively from specific wavelengths and thus specific markers.
To add specificity, optical filters and dichroic mirrors are used in
a well defined manner to route the light to the detectors. Optical
filters are designed as band pass (BP), long pass (LP), or short
pass (SP) filters, and are mostly installed in front of the light
detectors. The common property of the filters is that they transmit
light only within a spectral range. An LP filter transmits light
below a certain wavelength. For example, a LP of 660 nm will
transmit all light above 660 nm. In contrast, SP filters will pass
short wavelengths and block longer ones. A BP filter transmits light
in a certain wavelength range. For example, if the BP is named as
660/20, this means that light between 650 and 670 nm will pass
through the filter. Dichroic mirrors are also used to allocate light
to a specific detector based on wavelength. Like optical filters,
dichroic mirrors are separated in LP and SP versions. To achieve
maximum sensitivity, dichroic LPs are installed closer to the light
source (flow cell) to first direct long-wave photons onto the light
detector. Due to aging, quality of coating, and contamination,
the actual parameter of an optical filter or dichroic mirror can
differ from the technical description. Therefore, it is recommended
to check the transmission spectra of new filters provided by the
manufacturer and always keep filters dust free. Sometimes mirrors
(usually silver mirrors) are used in the optical bench of a flow
cytometer in order to deflect light for geometrical or constructive
reasons. These filters are >99% reflective over a wide range of
wavelengths.

2.2.3 Dispersing elements. Recently, commercial cytometers

have become available which use spatially dispersing elements
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instead of or in combination with optical filters in order to deflect
light wavelength specific to a detector array. The rationale behind
this is the measurement of the entire emission spectra of a cell (see
section 1.3 Flow cytometry, including flow cytometry cell sorting).
A dispersing element can be a dispersive prism or a grating. Prisms
have a higher light efficiency over gratings and they are not sen-
sitive for polarized light. This maybe the reason why they are
employed in the spectral flow cytometer from Sony. A dispersing
element is installed between the interrogation point and a detector
array.

2.2.4 Laser.
solid-state, continuous wave lasers. Such lasers have a small foot-
print and a typical output power range from 20 to 100 mW. Lasers
are coherent light sources that allow a high photon density at the
illumination point, and therefore an efficient energy transfer to

Lasers employed for flow cytometers are mainly

the fluorochrome.

2.3 Electronics

As a flow cytometer measures the biological information of a par-
ticle (e.g., a cell) via photons, this light needs to be converted to
electrons and processed by an amplifier, filter, analog to digital
converter (ADC), and baseline restorer in order to visualize and
store the biological information of the cells or other particles. In
this section, the main components of cytometer electronics are
briefly described.
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Figure 5. Typical electronic signal processing of a flow cytometer. The
signal coming from a PMT or photo diode is amplified by a preamp and
a main amp. The analogue signals are then digitized by an ADC board.
A personal computer (PC) is used for further data processing and HV
controlling.

2.3.1 Detectors. From a technical point of view, the detection
of cell related light is difficult due to (i) the low light level, (ii)
the high analysis rate, and (iii) the high dynamic range of the
light level. Photomultiplier tubes (PMTs) meet these requirements
and are therefore employed in almost all flow cytometers. PMTs
are vacuum tubes containing a photocathode, electron focusing
electrodes, and a series of dynodes for electron multiplication.
The photocathode converts photons to photoelectrons that are
then multiplied by a series of dynodes driven by a high voltage
(Fig. 5). Photocathodes of PMTs employed in flow cytometers are
made from bialkali material that determines the spectral quantum
efficiency n of the PMT, which is the ratio of emitted electrons to
incident photons. The quantum efficiency of the photocathode is
always 0 < n < 1 and is a function of the light quantum energy
(h x f). A typical PMT (R9220, Hamamatsu) of a cytometer
has a quantum efficiency n = 0.2 at 500 nm and n = 0.09 at
700 nm, which is a reduction in sensitivity of about 7 dB. This
means that the detection of PE-Cy7 is always less sensitive as the
detection of FITC, for example. In many applications, PMTs are
increasingly being replaced, e.g., by avalanche photodiodes due to
their higher quantum efficiency. However, in flow cytometry, only
one commercial instrument (CytoFlex, Beckman Coulter, Aurora
and Norther lights, Cytek) employs APDs in order to improve the
sensitivity for wavelengths > 700 nm [19].

2.3.2 Amplifier and signal processing. Amplifiers in a flow
cytometer can be grouped as pre- and main amplifiers. Pre-
amplifiers are either voltage (VA) or transimpedance (TIA) ampli-
fiers that are used to amplify the voltage amplitude of a PMT (VA)
or to convert a signal current of a photodiode to a voltage (TIA).
Furthermore, pre-amplifiers perform operations, such as:

® impedance matching,
® filtering and pulse shaping,
® and bandwidth limiting.

All amplifiers in a cytometer are analogue hardware devices

which must be very well designed for optimal signal to noise ratios
(SNRs). In a typical cytometer such amplifiers have an SNR of >86
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dB. Once the signals are processed by the pre-amplifiers, the main
amplifier moves the signal level to a suitable range for the ADC
(Fig. 5).

In modern cytometers, the conversion of the continuous ana-
log voltage signal into discrete digital values is done by ADCs
that are defined by their sampling frequency and sample reso-
lution. The required dynamic detection range (DNR) of a flow
cytometer can be defined as the intensity range of stained and
unstained cells, for example. A stained cell can be 10 000 times
brighter than an unstained cell that gives a DNR of 4 log or 80
dB (DNR[dB]=20log(10%)). The DNR of an ideal ADC is given by:
DNR = 6.02*N + 1.76 dB [20].

This means that in theory, an ADC with N = 14 bit will have
a DNR of 86.04 dB. In practice, the effective number of bits of an
ADC is, due to noise and distortion of the circuit, some decibels
below the theoretical value (e.g., the ADC AD9240AS of the BD
Diva electronic has 78.5 dB [21]). This limits the dynamic range to
less than 4 decades and, more importantly, shrinks the resolution
of dim signals.

The sampling frequency of the AD9240AS is 10 MHz that
results in 30 samples per measured pulse of a high speed cell
sorter (pulse length = 3 ps). This results in a peak detection error
of 1-2% [22]. Modern ADCs have a resolution of 16 bit and a
sampling frequency of 250 MHz which allows the design of flow
cytometers with dynamic range of >4 decades and a peak detec-
tion error of <0.1%.

In the digital domain, the signals are processed by filters, base-
line restorer, pulse height, pulse width algorithms, and trigger
(see Section 1.3). Filtering is done to smooth the raw PMT signal
in order to improve the SNR. The resulting signal consists of an
unwanted DC part due to laser scatter light and electronic noise
(among others) and a specific AC part. Hence, the DC part is sub-
tracted by baseline restorers to increase the SNR and the DNR of
the cytometer. The baseline restorer attempts to keep the baseline
at zero. In practice, however, baseline restoring is not perfect and
can lead to negative values on the histogram axis or introduce a
slight distortion of low signals and therefore to an increased CV of
dim signals. After baseline restoring, the pulse parameters (height,
width, and area) are extracted and converted into a *.fcs file.

Taken together, the analogue and digital components of a flow
cytometer in combination with the baseline and pulse shaping
algorithms need to be well adjusted in order to maximize SNR
and DNR.

3 Flow cytometry, including flow cytometry cell
sorting

3.1 Convention, or fluorescence-activated flow cytometry
and sorting

Since the invention of the first prototype of a Fluorescence Acti-

vated Cell Sorter in 1968 at Stanford University, the technol-
ogy has become a powerful tool to analyze and sort individual
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cells based on their functional status. Moreover, flow cytometry
provides a robust statistic of thousands of individual cells and can
detect rare events at a frequency below 107 cells. The sample
uptake by the instrument can be done from tubes or multi-well
plates at an acquisition rate of thousands of cells/s. In a typi-
cal cytometer, the sensitivity decreases with increasing flow rate
due to the increasing diameter of the cell stream within the flow
cell. Alternatively, the AttuneNXT (ThermoFisher) uses acoustic-
assisted hydrodynamic focusing, which helps keeping the core
stream tight and therefore gives accurate results even at a much
higher sample throughput. Furthermore, the serial acquisition of
multiple cell samples can be automated by using high-throughput
platforms (HyperCyt®).

Today, instruments are available designed to detect up to 27
different bio-markers on an individual cell. Typically these markers
are fluorescently tagged antibodies, molecular sensors, as well as
genetically encoded reporters. For instance, the FACSymphony™
(Becton Dickinson) is technically capable of detecting up to 50
parameters of an individual cell. In practice, this high number of
parameters is not achievable because at the moment the range of
appropriate fluorescent dyes is limited.

Technical limitations regarding the maximum number of
detectable markers are also given by the overlap of the emission
spectra of the different fluorescent tags, since each fluorescence
detection channel is correlated to a biological marker. To over-
come this, fluorescent tags became available that have different
excitation wavelengths. Currently, up to seven lasers with emis-
sion wavelengths from 325 to 808 nm are used in order to achieve
a high flexibility in the choice of the fluorescent tags. Furthermore,
tunable lasers are used for special applications like fluorescent life
time measurements (FLIMs).

Flow cytometers use either PMTs or avalanche diodes to con-
vert the emitted or scattered light into amplified electrical pulses
that are processed by appropriate electronics to extract informa-
tion like pulse height, area, length, and time. The electronics
of the cytometer consist basically of a preamp circuit, baseline
restoration circuit, and an ADC. In most modern cytometers, the
data post-processing (i.e., pulse integration, compensation, log-
transformation) and data analysis is done in a computer by soft-
ware. All components together must have a low noise level (i.e.,
a high SNR) to achieve high instrument sensitivity (Q) and low
background (B) detection.

Avalanche diodes have better detection efficiency in long wave-
lengths and thus a better SNR in that range over PMTs. Further-
more, they open new possibilities for the application of fluorescent
tags with long-wave emission spectra. Avalanche diodes are imple-
mented in the CytoFLEX (Beckman Coulter) cytometer. Within this
instrument, the emitted fluorescence light is divided by a wave-
length division multiplexer (WDM) through a series of band pass
filters and integrated optics, onto an array of avalanche diodes
that enables a high sensitivity in the detection of, e.g., PE-Cy7.

Avalanche diodes or PMTs itself are light detectors that are
unsuitable for wavelength detection, hence, the fluorescent light
needs to be filtered by optical filters and mirrors. These filters must
be carefully chosen because a multiparameter experiment, i.e., an
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experiment in which multiple parameters (markers) are analyzed,
requires that multiple fluorophores are used simultaneously; a
consequence of this is spectral overlap or spillover (see Section
II.1 Compensation).

Conventional flow cytometers circumvent this problem by com-
pensation (see Section II.1 Compensation) in order to accurately
correlate the physical light properties with the biological proper-
ties of the cell. Following this, the data are analyzed in a multi-
variate fashion in combination with a hierarchical gating strategy
(see Section VIL.1 Data analysis).

It is essential to adapt the combination of fluorescent tags to
the given optical, laser, and electronic setup of the instrument to
minimize spillover, increase Q, and lower B signals. For instance,
by choosing the right concentration of a certain reagent (see Sec-
tion III.2 Titration: Determining optimal reagent concentration),
the fluorochrome related B can be optimized such that it con-
tributes ideally nothing to the B given by the instrument. This can
help to increase the separation (the distance between the means)
between a blank and a fluorescent population that is a function of
Q and B. Thus, it requires the characterization of Q and B of the
used instrument.

Mostly polystyrene particles (beads) are used for this purpose
in combination with software based protocols implemented in the
instruments, e.g., MACS®Quant, Fortessa, Yeti, Cytoflex to name
just a few. Beads are small particles and so to say “cell dummies” of
well-defined fluorescent intensity and sizes that also can be used
for PMT voltage optimization, compensation setup, cell counting,
scale calibration, and so on.

Scale calibration is an especially useful approach to mea-
sure absolute values (e.g., number of binding antibodies, amount
of fluorescent molecules or photoelectrons) instead of relative
mean fluorescent intensities (MFIs), which leads to quantitative
flow cytometry (see Section VII). Beside beads, scale calibration
can also be achieved by using LED light pulses. Recently, the
quantiFlash™ (APE) tool has become available that provides ultra
stable LED light pulses. Furthermore, by using this tool, instru-
ments can be compared within or between labs regarding their Q
and B values.

Up to this point, analytical cytometers have been described but
cells can, in addition, be sorted based on specific marker expres-
sion for downstream analysis (molecular biology, sequencing, etc.)
or cell culture (see Section II).

3.2 Spectral flow cytometry: Principles and evolution

For spectral flow cytometry, the “one detector, one marker”
paradigm is changed. After excitation (Fig. 6A), the complete
emitted light of a marker (Fig. 6B) is spectrally dispersed
either by refraction within a prism or by diffraction within a
grating (Fig. 6C) over a highly sensitive photo detector array
(Fig. 6D). Gratings are susceptible for polarized light. As polar-
ization occurs frequently in flow cytometry [23], the total effi-
ciency of a grating may be reduced. In fact, prisms are better
suited for spectral light dispersion because they have a better
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Figure 6. Principle of a spectral flow cytometer. (A) Excitation light
source (laser), (B) labeled cell, (C) dispersing element, (D) multichannel
light detector (CCD or multichannel PMT).

light transmission and are also stable for polarized light. Unfortu-
nately, the dispersion of a prism is not linear with regard to the
wavelength, which makes it difficult to use linear detector arrays
such as multianode PMTs [24].

As mentioned above, multianode PMTs or charge-coupled
devices (CCDs) can be used as detector arrays. CCDs have a high
quantum efficiency of 80-90% in the visible range (500-800 nm)
and a relative long readout time that limits the acquisition rate. On
the other hand, this in combination with high spectral resolution
allows the spectral detection of Raman scattering, which is a char-
acteristic spectrum of molecular vibrations, much narrower than
fluorescence spectra. This allows the application of new biological
markers, such as surface enhanced Raman scattering tags or near
infrared fluorescent dyes [25, 26].

Spectral flow cytometry was introduced in 1979 [27], when
the cytometric measurement of FITC- and PI-labeled mouse cells
was demonstrated using a video camera tube as a detector. More
recently, Robinson et al. developed a single cell spectral flow
cytometer based on a grating and PMT array [28-31]. This instru-
ment created single cell spectra and demonstrated a spectral flow
cytometer based on a 32-channel PMT array detector using a holo-
graphic grating and showed the detection and analysis of labeled
lymphocytes and microspheres in hyperspectral space. Goddard
etal. [32] employed a grating spectrograph attached to an intensi-
fied CCD for measuring microspheres and cells. This spectrograph
was implemented in the optical pathway of a conventional flow
cytometer and was able to take spectra of single cells and micro-
spheres as well as to discriminate free versus bound propidium
iodide.

The first commercially available spectral flow cytometer, the
SP6800, was developed by Sony [33]. This instrument employs a
prism array to disperse the collected light over a 32-channel mul-
tianode PMT. Moreover, the instrument is equipped with three
lasers (405, 488, and 638 nm), which allow for full spectral detec-
tion of the resulting emission spectra. The measured spectra from
single cells are subsequently unmixed by using reference spectra
of all used dyes and the autofluorescence spectrum. Least Square
Fitting algorithms are used to calculate the most accurate fit for all
reference spectra, leading to an accurate determination of which
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dyes are present on each cell and at which intensity. Using this
method, a complete fluorescence emission is used instead of only
a small portion of emitted light entering a dedicated detector
through a specific set of mirrors and optical filters. This is a major
advantage over conventional flow cytometry, in which light that
is lost outside of the optical filters also contaminates other chan-
nels with unwanted light that has to be corrected by a subtractive
method (see Section II.1 Compensation). Since dyes frequently
used in flow cytometry have rather broad emission spectra and
large spectral overlaps, spectral unmixing can help mitigate this
problem. Therefore, applications for spectral flow cytometry are
similar to those performed on conventional flow cytometers with
the additional benefit of spectral unmixing, which allows spec-
trally overlapping dyes to be measured, and auto-fluorescence sub-
traction to be included. Moreover, control of reagents (especially
tandem dyes) is paramount with the increased need for standard-
ization. Given that spectral flow cytometry shows full spectrum
unbiased data, quality control is more or less integrated.

In this fashion, spectral flow cytometers are designed to mea-
sure the biological information across multiple detection chan-
nels, where the optical configuration can be fixed for all exper-
iments, giving the added benefit of instrument stability, sensi-
tivity [34], and easier standardization across instruments, aided
by the lack of individual PMTs and individual optical filters and
mirrors.

II Setup—Instrument setup and quality
control

1 Compensation

1.1 Introduction

In flow cytometry, fluorescence spillover (i.e., which can be over-
come by compensation) is probably the single greatest source of
frustration for the scientist and cause of bad data. Correctly com-
pensating for spillover is critical to accurately identify populations
in multicolor flow experiments. Errors in compensation for one
fluorochrome can be propagated into other detectors resulting
in erroneous “virtual” positive populations or errors in popula-
tion percentages due to incorrect gating. Mastering fluorescence
spillover is much like chess, the rules are simple, but becoming a
skilled practitioner can take some effort. Here, the basic concepts
of fluorescence spillover are reviewed and some simple principles
to follow in order to maximize data quality are provided, while
debunking some of the myths that surround this field. For further
information on this subject, readers are referred to the following
references: [35-38]. In addition, a guide as to the Minimum Infor-
mation about a Flow Cytometry experiment has been developed
and vetted by the International Society for the Advancement of
Cytometry (ISAC) [39]. This includes recommendations for ways
to document compensation of complex panels.
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Figure 7. Spillover and compensation: (A) the emission spectra of PerCP-Cy5.5 and PE-Cy7. (B) Peripheral blood lymphocytes stained with PerCP-
Cy5.5 CD4 mAb. The MdFI is shown for the PerCP-Cy5.5 and PE-Cy7 detectors without (left) and with (right) compensation.

1.2 Principle of spillover and compensation

Fluorescence spillover is the amount of signal, measured in median
fluorescence intensity (MdFI), that a fluorochrome emits in a sec-
ondary detector specific for a different fluorochrome (Fig. 7A
shows the fluorochrome PerCP-Cy5.5 is spilling into the PE-Cy7
detector [dark red]). This is equivalent to a background in that
detector. We can calculate a spillover value (SOV) of PerCP-Cy5.5
into PE-Cy7 as Y/X x 100% (Fig. 7B, left). Compensation is the
mathematical process used in all flow cytometers and software in
which these SOVs are used to determine a compensation matrix
that effectively subtracts/corrects background due to spillover in
all detectors (Fig. 7B, right).

The accuracy of this correction is totally dependent upon the
accuracy of the SOVs determined from the appropriate single-color
compensation controls. In Fig. 7B, the spillover is correct when the
MdFI [PE-Cy7] of the PerCP-Cy5.5 positive (+) population is equal
to the MdFI [PE-Cy7] of the PerCP-Cy5.5 negative (-) population.
With a few exceptions, the mathematical calculation of SOVs is the
same for all cytometers and flow cytometry software packages.

1.3 Measuring SOVs/compensation controls

On all cytometers, SOVs should be determined using single-color
compensation controls. Most errors in calculating SOVs are due
to the use of inappropriate compensation controls. A compensa-
tion control should consist of a positively stained population and a
negative or unstained population. The positive and negative pop-
ulations do not need to be run in the same tube. Cytometer and
software protocols will specify what combinations can be used. It
is never good practice to try to run two controls in the same tube,
for example, using FITC CD4 mAb and PE CD19 mAb. This makes
the assumption that there is absolutely no antibody bound to the
“negative” cells, which is typically not the case.

Many software packages from flow cytometer manufactures
and third party companies have an “auto-compensation” feature.
While these can be very powerful, they are based on automated
gating algorithms in which the software identifies the positive and
negative populations. These gates may not always be appropriate.
It is recommended that for new controls the user confirm that the
software is providing correct gates and results.
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In general, correct SOVs can be obtained by following four
simple principles for single-color compensation controls:

1. The fluorescence spectrum of the compensation control

fluorochrome-conjugated reagent should be identical to the
reagent used in the experiment. More specifically, the fluo-
rochrome should be identical not similar. For example, even
though Alexa Fluor® 488 and FITC are spectrally very similar,
an Alexa Fluor® 488 compensation control cannot be used for
a FITC reagent or vice versa. Other examples are allophyco-
cyanin (APC)/Alexa Fluor® 647 and APC-Cy7/ APC-H7.
This principle is especially critical for tandem reagents (e.g.,
PE-Cy7, APC-Cy7) where there can be significant spectral dif-
ferences from lot to lot, which can lead to differences in the
SOV [40]. In such cases, it is recommended that users run
individual single-color, lot-specific compensation controls.

2. The autofluoresence of the positive and negative populations

must be equivalent. The spillover calculation assumes that any
difference in the MAFI of the spillover detector (e.g., Y in
Fig. 7A, left) is due to the presence of the fluorochrome mea-
sured by the primary detector. If the autofluoresence differs,
then part of the MdFI in the spillover detector will be due to the
difference in autofluoresence and not the fluorochrome itself.
An example is shown in Table 1. In measuring the SOV of FITC
into PE when similarly autofluorescent positive and negative
cells are used, the calculated SOV is 27%; however, incorrectly
using beads for the negative population results in an SOV of
22%, a 5% error.

This also applies to cell types. Cell lines and untransformed
lymphocytes should not be used for the same control. If a
stained cell line is used as a positive control, the same unstained
cell line should be used as a negative control. It is similar
with cell subsets, for example, if lymphocytes are analyzed,
lymphocytes, and not monocytes, should be used as both the
positive and negative control. Some software programs allow
a universal negative population (e.g., unstained lymphocytes);
however, this is acceptable only as long as all analyzed samples
are exclusively lymphocytes.

Myth: the SOV depends upon the type and autofluores-
ence of the cells you are analyzing. False. The SOV is only
a function of the fluorochrome. When correctly measured,
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the SOV is independent of the cell type(s) in the biological
sample.

3. The positive population should be as bright as possible.

As noted earlier, the SOV is equal to the slope of the MdFI
of the two detectors (Fig. 8, dashed line). The actual SOV is
not a function of the brightness of the positive population but
is the same all across the dynamic range. A truly correct SOV
will provide correct compensation whether it is derived from a
bright or dim positive population (Fig. 8, Correct SOV). When
calculating a slope, the most accurate measurement (i.e., SOV)
is obtained when the two data points obtained are apart as far
as possible. This is especially important for low spillover values
such as PE-Cy7 into PE.

However, we rarely get “perfect” SOVs, and the impact of any
errors in the SOV are magnified as the MdFI of the primary
detector increases as shown in Fig. 8. In this example, if there
is a 1% under compensation error in the SOV (Fig. 8; red line),
it would have a minimal impact on a dim population. In this
example, in an MdFI of 10% in FL1, the error would be 10 MdFI
in FL2, not noticeable. However, if the FL1 MdFI is 10°, the
MGAFI error in FL2 would be 1000 and this would incorrectly
look like a new positive population.

Myth: For spillover to be correct, it is required that the com-
pensation control positive population needs to be as bright as
your sample. Partly False.

To restate the message here, you want to get the most accurate
slope/SOV possible. Therefore as noted in the title, it is good
practice to have the positive control population as bright as
possible, preferably close to your sample MdFI (static or acti-
vated). However, for spillover to be correct, it is not required
that the compensation control positive population needs to be
as bright as your sample. In some cases, the positive popu-
lation of compensation beads may not be as bright as your
sample. This does not mean it is not a valid compensation
control. In general, if the positive population is approximately
equivalent to CD4, you will get good results. There is one major
caveat to this statement. For all measurements, it is critical that
the positive population is in the linear range of the detector.
Outside of this range, the corrected data will be inaccurate.
Most cytometer manufacturers provide linearity information
for their instruments.

4. Collect enough events to obtain meaningful accurate SOVs.
As a rule of thumb, collect at least 5000 events for both your
negative and positive population. Again this is to ensure the
accuracy of the measurements, especially for low SOVs.

1.4 Compensation controls

Compensation controls typically fall into two categories: (i)
stained cells; (ii) beads, these are seen as either (i) directly
fluorochrome-coated or (ii) anti-Ig capture beads and are available
from a number of sources. Each of these controls has advantages
and disadvantages. In a given multicolor experiment, compensa-
tion controls can be mixed and matched including all three types.
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Table 1. The consequences of using positive and negative
populations with differing autofluoresence: Lymphocytes were
stained with diluted FITC CD4 mAb. The MdFI of the CD4" [Cells (+),
unstained [Cells (-)] cells and unstained beads [Beads (-)] were
measured in the FITC and PE detectors. SOVs were calculated using
positive and negative cells or positive cells and negative beads

Fluorescence (MdFI)

FITC PE SOV
Cells (+) 3135 903 n/a
Cells () 95 78 27%
Beads (-) 107 228 22%

That is beads (positive and negative) can be used to compensate
Fluorochrome A, and cells (positive and negative) to compensate
Fluorochrome B. The key is to follow the second principle and not
mix and match different control types within the same single color
fluorescent control.

1.4.1 Stained cells. The advantage of using stained cells is that
these controls most closely replicate what is happening in the
assay tube. The disadvantage is that you may have to use precious
biological material. In particular, if you need a tandem, lot-specific
control for a specific CD marker, splitting the sample to generate
such a control decreases the number of cells available for analysis.
This may therefore require the use of even more of the biological
sample at the outset.

1.4.2 Beads. The advantage of beads is that no biological mate-
rial is required and they are easy to prepare and use. Following
the manufacturer’s protocols, for many fluorochromes, beads pro-
vide sufficiently accurate SOVs. The disadvantage is that these
beads are a surrogate for cells and may not in all cases provide
a perfect match to cells. This can result in discernible and repro-
ducible differences in the SOVs obtained from the exact same
reagent measured on beads versus cells. Where different SOVs are
obtained, the cells must be considered the biologically relevant
gold standard.

Compensation controls using fluorochrome-coated and anti-Ig
capture beads are available from a variety of sources. Some are
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Figure 9. Accuracy for SOV: The figure shows two different assays in which lysed whole blood was stained with the same fluorochromes:
BD Horizon™ Brilliant Violet 510 (BV510) and BD Horizon™ Brilliant Violet 605 (BV605). Both assays used the same BV605 reagent. In the top
panels, the BV510 positive population was dim while in the bottom panels the BV510 positive population is very bright. For each assay, the
SOVs were determined and the correct spillover was applied (Middle panels). For the left panels, the BV510—BV605 SOV was increased by
1% (overcompensated) and compensation applied. For the right panels, the BV510—BV605 SOV was decreased by 2% (undercompensated) and

compensation applied.

used as stand-alone controls, some are integrated into software
packages. However, when used for 10-18 color instruments, dif-
ferences in SOVs can be seen in all of these beads when comparing
the SOVs obtained with the beads to the SOVs obtained with the
gold standard of cells. These differences can vary from manufac-
turer to manufacturer. For example, the beads from Manufacturer
A may be more accurate than the beads from Manufacturer B
when calculating the SOV of Fluorochrome X into Y, while the
beads from Manufacturer B may be better for calculating the SOV
of Fluorochrome Y into Z. SOV differences between beads and
cells can be as large as 5-10%.

Compensation beads are a powerful tool for making the pro-
cess of determining SOVs fast and easy and should be used where
appropriate. However, it is important to use them with reasonable
caution. The best laboratory practice to ensure accurate compen-
sation when using beads is to pretest any new reagent on both
beads and cells to ensure that they are providing you with SOVs
equivalent to your stained assay samples. For example, if you are
using a new fluorochrome or a new lot of a tandem, run a quick
test staining both cells and beads; calculate the SOVs from both.
If the SOVs are effectively equivalent then you can be comfortable
using the beads as controls for all future assays. However, if there
are significant differences, you may need to use cells as your con-
trols or try a different bead. Finally, in such a test, you may want
to treat the cells and beads as you would in your assay, e.g., if
your assay includes a fix/perm step, you can include this in your

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

control staining. Fix/Perm buffers can sometimes, but not always,
alter the SOV of your fluorochromes.

1.5 What are “good” SOVs?

This is really a question that cannot be definitively answered.
There is great deal of misunderstanding regarding what SOVs
actually mean in terms of a multicolor flow cytometer and the
experiments run on them. First and foremost, SOVs are empirically
determined mathematical values that are used by flow cytometry
software to correct for the background due to fluorescence. While
these values are related to fluorescence spillover, they are not
direct absolute measurements of the fluorescence spillover of one
fluorochrome into another detector. SOVs are based upon median
fluorescence measurements, which are gain (i.e., PMT voltage)
dependent. That means that when you change the PMT voltage
on a detector, the SOVs associated with that detector will change.
However, the actual spillover of fluorescence from one detector
into another is unchanged. So you cannot ask “Why is the SOV on
my instrument different than the lab next door?” without knowing
the PMT voltages. The single most important fact to remember is
“Changing the PMT voltage on an instrument will change the SOVs
but it has absolutely no impact on the actual florescence spillover
and its associated spread and does not affect the quality of the
data.”

Wwww.eji-journal.eu
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1.6 What is “good enough” accuracy for SOVs?

Using the right compensation controls under the right conditions
will maximize the accuracy of your spillover values. Still, no matter
which controls are used, it is likely that there will be some error in
some of the SOV measurements you make. This brings up the final
question of what SOV accuracy is good enough to provide you
quality data. The honest answer is that “it depends.” It depends
upon the design of your assay, the fluorochromes used, and the
density of the antigens being analyzed. Any error in the final data
is directly proportional to both the error in the SOV measurement
and the brightness (MdFI) of the population being analyzed. This is
demonstrated in Fig. 9. In the assay represented in the top panels,
the Brilliant Violet™ (BV) 510 positive population is somewhat
duller (MdFI ~6000). In this situation, small (42%) errors in the
BV510 into BV605 detector do not significantly affect the error in
the MdFI in the BV605 detector (~4100).

The situation in the assay shown in the bottom panels is quite
different. The BV510 positive population is quite bright (MdFI
~68000). Identical errors (i.e., £2%) in the BV510 — BV605
SOV results in truly BV605 negative populations appearing to be
positive (BV605 MAFI errors of £1300). The MdAFI error in the
spillover detector (here BV605) = the MdFI of the population in
the primary detector (BV510) x the %error in the SOV. Therefore,
an “acceptable” error in the SOV for one assay (e.g., the top panels)
may be quite unacceptable for another (the bottom panels). This
is again why it is important to pretest your compensation controls
to better understand and manage any potential errors that can
impact the quality of the final assay.

In conclusion, with an understanding of the concepts of com-
pensation/fluorescence spillover and following a simple set of
principles when using compensation controls, it should be rel-
atively easy to obtain and present high quality multicolor flow
cytometry data.

2 Maintenance

Flow cytometric experiments produce relative data and they are
strictly dependent on the actual context of measurement (e.g.,
sample quality, reagent quality, or instrument performance). To
get comparable results over time, each single step of a flow cytome-
try experiment needs to be controlled. This section focuses on the
instrument side and discusses important (preventive as well as
some reactive) steps in maintaining flow cytometric instruments
to ensure a constant quality level of measurement. Even if several
tips and tricks are mentioned, this section can only offer a basic
selection of possibilities and options. For some maintenance steps,
you need to have additional experience. In case of doubt, consult
the technical support of the respective company.

2.1 Introduction

The signals generated by flow cytometric instruments are deter-
mined by many different factors, such as optical layout (laser and
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laser power, optical filter), sheath fluid, room climate, and so on.
It is therefore a prerequisite to “know” the performance of the
respective system at a certain time point. By using appropriate
controls and standards, it is possible to define the original status
of instrument performance and track it over time. This can be
performed in different ways and depends upon the type of instru-
ment (analyzer, cell sorter), the instrumental layout (number of
lasers, high-throughput system (HTS)) and the type of measure-
ment one wants to conduct (e.g., screening, diagnostic, qualitative
vs. quantitative or volumetric tests). Due to an increasing diversity
of available flow cytometers on the market, there is no common
routine of conducting maintenance and also the time frames and
maintenance intervals may vary from one instrument type to the
other. While most of the manufacturers offer service contracts for
their systems, the experienced user can do several things to pre-
vent potential damage and maintain or restore the instrument’s
original level of performance. Be aware that for some steps during
maintenance (e.g., laser alignment) additional precautions (e.g.,
wearing laser safety goggles) are necessary to accommodate for an
altered hazardous potential (optical (high energy laser), biologi-
cal, or electrical (high voltage)) compared to normal instrument
operation. Those interventions should only be done by service
engineers or specially trained users with the necessary risk assess-
ment and personal protection equipment in place.

Maintaining a flow cytometer means retrieving information
about the actual status of an instrument and comparing it to the
original (ideal) situation. It should be ensured that the data have
been collected under comparable conditions such as comparable
laser warm up time (between 15 and 30 min), fluidic setup (using
a primed system and choosing the same flow speed: low, medium,
high), and event-rate. If the performance check fails, one needs
to know how to bring it back to the original level (if possible).
Below several options detailing how to check the performance of
a flow cytometric instrument and what can be done as preventive
mainentance procedures are described (summarized in Table 2).

2.2 Maintaining optical devices

Maintenance starts with cleaning the instrument. To prevent dan-
ger from laser radiation or electrical hazards, this can be done
without switching on the cytometer. For example, it is necessary
to remove dust from the ventilation systems to allow effective air-
cooling of lasers and power supplies as well as from optical filters
(BP, SP, and LP), (dichroic) mirrors, and prisms of the optical
path. Dust will impair the laser-alignment and sensitivity of flu-
orescence signals by generating additional background and loss
of fluorescence signals. These parts can be cleaned with unsoiled
pressurized air (e.g., as used for electronic parts or computers)
and more resistant dust can be carefully removed with cotton
swaps or dust free paper wipes (moistened with a drop of pure
methanol (e.g., those used in microscopy) as methanol will evapo-
rate without leaving residues on the optics). How often these types
of preventive maintenance have to be performed strictly depends
on the environmental conditions and are sometimes included in
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Table 3. Summary of some critical parameters defining the optical
performance of a flow cytometer

Parameter A measure for ... Recommended
Value
SDen . electronical noise as low as possible
%rCV ... Laser alignment as low as possible
Qr ... Detector efficiency  as high as possible
B ... the channel as low as possible
background
Signal to . sensitivity of as high as possible
Noise ratio Detector

maintenance contracts of the vendors. Many flow cytometers’
lasers are directed via glass fibers to the detection site and,
therefore, are relative stable over time in their alignment. Other
machines are equipped with fixed optical benches, making repeti-
tive laser- and filter-alignment nearly obsolete. But in any case, it
is important to check (or “know”) the instrument status prior to
the measurement.

The Cytometer Setup and Tracking (CS&T) module from Bec-
ton Dickinson (BD), available since software version DIVA 6.0,
is an example, how instrument performance can be monitored
over time (BD Cytometer Setup and Tracking Application Guide
V3.0, [41]). The combination of software and the use of stan-
dardized beads make possible to retrieve critical parameters in
one run. After installation through a service engineer or exchange
of components (e.g., lasers, filters, or PMTs), the status of the
instrument is documented in a so-called “baseline.” A lot of infor-
mation (not all of it is listed here) about the linear range of each
PMT (important for proper measurement and compensation (see
Chapter II Section 1.3 Measuring SOVs/compensation controls),
electronic noise and background (B;, SDgy), detector efficiency
(Qy), as well as sensitivity (Peak ratio between negative and pos-
itive population) and quality of laser alignment (%rCV) is stored
in this file. All the introduced values are summarized in Table 3
with a very brief explanation and are described in much greater
detail elsewhere [42-51].

In a second step, the instrument performance can be tracked
and compared to the baseline values by running the same lot of
standard-beads at different time points. The software module is
then reporting every observed change. In Fig. 104, a typical result
of a CS&T performance check is shown. A wrong BP filter in front
of the PMT-detector resulted in a lower signal. As a consequence,
the system needed a higher PMT-voltage (AV) to reach the
defined target value for this particular channel. The change in AV
was larger than the accepted range (which is as default value in
CS&T < 50 V) and instrument performance failed with notice to
the user (red cross). On flow cytometers without a CS&T-option,
a similar result can be achieved by using nearly any kind of
standardized particles (e.g., Rainbow Beads, 6- or 8-Peak Beads,
Calibrite® , CS&T Beads [41] or other fluorescent-labeled Beads).
Instead of a “baseline,” one has to generate a system-specific
calibration containing all the fluorescent channels and parameters
including a fluorescence channel of each available laser versus
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time. At already suggested time-points, one is measuring the
beads under defined settings and save this result as a (instrument
specific) “standard.” Future measurements with the same kind of
beads (consider and document potential lot to lot variations over
time) and the same instrument settings (see Chapter IV, Section
2.1) will allow a comparison to the first “standard” measurement
and monitors changes in instrument performance. In Fig. 10B, a
result for the same situation as described for the CS&T-option is
shown. With the correct BP filter (510/50), the beads are falling
inside the target values (positive peak of the blue curve is inside
the brackets), whereas with a wrong BP filter (610/20), the
instrument performance fails (red curve).

Having this kind of information for all parameters at vari-
ous timepoints (every day or week) will give a good overview
of the performance of the system. Tracking at least one fluo-
rescent channel per laser over time gives additional information
about the stream stability and indicates if air bubbles inside the
system are causing problems. Displaying these plots during an
experiment may help to reveal problems with sticky or unfiltered
samples.

Beside the target channels, also the shape and width of the
peaks are of importance and can indicate for instance a laser
misalignment. As shown in Fig. 11A, the peak of the positive
beads is still inside the defined target area, but the width (%rCV)
is twice as big as the corresponding measurement during the
standard performance (Fig. 11B). After realigning the laser, the
shape of the peak and the %rCV value are again in the expected
range.

The selected examples illustrate, that tracking an instrument
performance is possible in different ways (8-Peak Beads, CS&T
or fluorescent labeled beads, etc.) as long as one knows where
to look at and to what instrument specific “standard” an actual
result has to be compared to. As noted earlier, there are several
additional parameters, which can be tracked (e.g., laser delay and
area scaling factors), but with a correct standard setup, most of
them can be accessed via appropriate bead measurements.

2.3 Maintaining the fluidic system

2.3.1 Sheath filters. The fluidic system of most flow cytometers
is assembled with parts that need to be maintained on a regular
basis. One has to ensure that the fluidic lines and filters are free
of air bubbles. Entrapped air compresses differently than sheath
fluid and can cause unstable (“dancing”) fluorescence signals due
to incorrect time calculation of the incoming signals. The more
lasers a machine has, the less tolerant the system is against air
bubbles or unstable compressed air supply. Sheath or saline fil-
ters therefore have to be vented on a daily basis and replaced
every 6 months (most commonly suggested time interval by man-
ufacturers). In machines without extra sheath supply (e.g., Guava
EasyCyte, Partec/ Sysmex, Accuri etc.), air in the system will cause
false values for volumetric cell counting or will lead to empty fcs-
files without any measured event.
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Figure 10. Examples for performance tracking with and without a CS&T module [130]. (A) A Levey-Jennings chart of a weekly measured perfor-
mance for one parameter (out of 10) is shown. The cross in red indicates a failure in the performance check (a higher PMT-Voltage is needed to
reach the target values of the beads, which corresponds to a loss of sensitivity). After checking and changing the band-pass filter in front of the
corresponding PMT, the performance is measured again and is compared to the previous situation (blue dots). With the correct band-pass filter
installed, the performance of the PMT is back to the previous level. The graph is taken from a CS&T-Cytometer Performance Report of a BD FAC-
SCanto II equipped with 3 lasers. (B) The histogram of channel A of the violet 405 nm laser shows the corresponding measurement to the situation
described above in (a) and is taken from a self-defined, instrument-specific calibration worksheet. The blue population represents the “standard”
setup (with a 510/50 band-pass filter in front of the PMT of channel A, where the beads are reaching the respective target values (brackets). The
red curve shows a measurement with a 610/20 nm band-pass filter instead. The beads are clearly outside the target values and the positive and
negative populations are barely separated from each other. This is an example, how one can easily track basic instrument performance without
having a separate software module available.

sterilization/decontamination,

avoid crystallization for long-term storage (e.g., overnight),
unclogging,

and bleaching (get rid of cross-contaminating dyes).

2.3.2 Sheath tanks. Sheath tanks, especially when they are pres- -
surized, have to be refilled and checked for leakiness on a frequent -
basis. Bal seals have to be replaced before they lose integrity. The -
consequences are similar to those described above for entrapped -
air bubbles. An additional consequence in cell sorters is an unsta-
ble droplet breakoff point, which is critically dependent on a con-
stant and stable pressure (especially for nozzle sizes above 85 um,
see also Chapter I Section 1.4 Droplet generation of a cell sorter).

2.3.3 Fluidic lines, SIP, and HTS. For long-term storage, such as
an overnight shutdown or prior to maintenance through a service

Degasing Sheath tanks before usage can therefore improve the
stability of the droplet formation in cell sorters.

To ensure sterile cell sorting, one has to clean/autoclave the
sheath tanks on a regular basis. This goes in line with cleaning the
sample injection port (SIP) and the sample tubing (see Table 2,
Fluidics). Some machines offer semi-automated start-up and shut-
down protocols, as well as cleaning routines one can run after a
defined period of time or on demand [52]. In general, there are at
least four basic protocols to maintain a fluidic system, depending
on the intention of the cleaning:

A Laser not aligned:
%rCV (P2) = 24,5 %

engineer, most labs run a decontamination protocol followed by a
wash cycle before they switch off the instrument (or hand it over
to a service technician). The most commonly used solutions to
decontaminate a flow cytometer are 1% sodium hypochlorite or
70-80% Ethanol. But freshly prepared 1% hydrogen peroxide can
also be used. Distilled or deionized water is ideal for washing out
the cleaning solution. To keep a machine in a “dormant”/unused
state for a longer period of time (weeks/month), one could dry
the tanks and system tubing completely after the cleaning process
or flush all lines and tanks with distilled or deionized water (con-
taining some preserving agents to prevent bacterial and fungal

B Laser realigned:
%rCV (P2) = 10,2 %
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Figure 11. How one can detect suboptimal
alignment of lasers. Both histograms display a

negative and positive bead population in the
450/50 channel of the UV-Laser of a BD FAC-
SAria SORP cell sorter. Although the positive
peak in (A) still falls into the defined target

107 10t 10 area (brackets = P2), the shape and %CV of the

peak suggest a suboptimal alignment of the UV-
Laser. After realignment the shape of the posi-

tive peak become narrower with only the half of

UV Laser 450/50
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the %CV. (B) Laser-alignment is optimal, when
the lowest %CV values are reached.
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contamination). When possible, a sample tube containing water
can be left at the SIP. All this is to ensure that no salt crystal for-
mation occurs, which could subsequently cause clogging, even if
the SIP or tubing were to dry out.

Sticky or clumpy cells, which are either not properly filtered
or used at too high a cell concentration, could block the orifice of
an instrument. In some (mostly pump driven) instruments (e.g.,
BD Accuri, Merck/Millipore Guava EasyCyte) one can reverse the
direction of the fluidics to push the blockage backwards out of
the tubing. Running a (prewarmed) detergent (e.g., FACSRinse)
through the system for several minutes, followed by filtered deion-
ized water or PBS, can help to release the obstraction in clogged
SIP and/or sample lines. In machines where one can easily access
and remove the SIP, sonication (in clean water) of the tubing is
also an option (e.g., Guava EasyCyte). As a last option, one could
use thin wires to clean the SIP, working like a sweeper cleaning a
chimney. If an optional HTS or Carousel Module is available, the
washing steps are even more important and fluidic parts and tub-
ing should be changed like recommended from the vendor. The
usage of fluorescent dyes such as PI, DAPI, or Acridine Orange
(AO), which are used to stain nucleic acids (e.g., live/dead, cell
cycle, or RNA-DNA ratio) makes an additional cleaning step nec-
essary (because the use of AO can cause a lot of trouble, there
are different alternatives available for many applications in which
AO is used [e.g., lysotracker, Syto® dyes, and Pyronin Y]). These
dyes are often stained in excess to ensure a good staining profile.
Due to their planar structure, they are sticky and can also adhere
to the tubing. Therefore, a high likelihood of cross-contaminating
samples between different users exists. Running a bleaching solu-
tion (e.g., 1% sodium hypochlorite) for 5-10 min will prevent this.
To check for efficient cleaning, run an unstained cell sample and
observe in a bivariate plot (fluorescence channel of the dye (e.g.,
PI) versus time) if background of these cells is increasing over
time. In that case additional cleaning is necessary.

In all situations, one has to be careful with the use of aggres-
sive/corrosive solutions and make sure that they are washed
out/replaced by the respective sheath fluid or distilled water and
are not left inside the flow cell for an extended period of time (e.g.,
overnight) [53], as this could damage the tubing and sealing and
end up in leakiness of the system.

Some flow cytometers (e.g., Accuri C6, Guava Easycyte, Attune
Nxt, MACS®Quant, and CyFlow) allow volumetric measurement,
which enables counting and direct calculating of the cell number
and concentration of a sample. A prerequisite for accurate cell
counting is also an air bubble and particle free (filtered) sheath
fluid and intact sample lines. Mechanical stress makes it necessary
to replace the tubing at appropriate intervals (e.g., a bimonthly
change of the peristaltic pump tubing is recommended for the BD
Accuri C6 system [54]).

2.3.4 Flow Cell/Cuvette. The flow cell is part of the fluidic and
optical system of a flow cytometer and is therefore included when
performing a cleaning as described above. Nevertheless, some
instruments (e.g., BD FACSAria cell sorter, BD FACSCanto II)
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provide separate automated cleaning procedures to improve per-
formance. For most instruments (e.g., FACSCalibur, LSRII, and
Fortessa), there are also manual cleaning options, which will
require separate training.

2.4 Computer and software

Beside the above-described maintenance steps to ensure proper
function of a flow cytometer, the computer and software need
some attention. Defragmentation of the computer’s hard drive and
backups of the FCS-files should be scheduled in a frequent way
(weekly/monthly, depending on the usage). Where the FCS-files
are organized in databases, one should take care that the size of the
database does not exceed recommended size limits (e.g., <45% of
available disk space for the BD FACSDiva Software [55]). This will
impair and slow down at a certain time point the performance of
the entire system. Using the implemented Data Manager software
on BD instruments (at least once per month) reduces the size of
the database log file and is improving the overall performance and
stability of the DIVA software.

Although most flow cytometers on the market are very robust
and reliable, there are still many things that need to be con-
trolled. Table 2 summarizes many common steps to consider dur-
ing instrument maintenance. As already mentioned, it depends on
the instrument and environmental setup which steps have to be
done in which frequency and the focus might vary from labora-
tory to laboratory. Therefore, it is an overview and a suggestion of
procedures, which should help to get the best results out of your
flow data. In any case of doubt, contact the reference guidelines
and/or service engineers of your vendor to prevent damage from
your system and to keep it in a good condition.

3 PMT voltage optimization

Correctly setting PMT voltage gains is essential to optimize signals
and improve the resolution of dim populations. The aim is to
bring signal out of the low end of the scale, which is dominated
by electronic noise that will obscure dim events, without pushing
bright events off the top of the scale.

Historically, many cytometry users set voltages by eye, often
by placing an unstained population in the first decades of a log
scale. However, this method is potentially problematic, particu-
larly in channels with inherently low autofluorescence, such as
those in the red spectrum. Alternatively, while it is possible to set
voltages using stained cells on a per experiment basis this is time-
consuming, uses valuable samples and lacks reproducibility. As a
result, standardized methods to optimize voltages are required.

Due to their ability to provide consistent signals, fluorescent
bead-based methods are an important step in PMT setup. Several
approaches can be used. On BD instruments Cytometer setup and
tracking (CS&T), an automated bead-based method is available
[41]. In this case, CS&T beads are used in an automated fashion to
obtain an initial baseline voltage optimization based on setting the
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MAFI of dim beads to 10 times the robust standard deviation of the
electronic noise (rSDen), essentially ensuring that electronic noise
only contributes 10% or less of the signal. This allows setting of
reproducible voltages in reference to a bead standard, but does not
guarantee that the voltages are optimal for the biological samples
being used in a particular experiment.

An alternative is a voltage walk approach in which a
range of voltages are applied to beads to determine the
point at which separation of an unstained and dim bead
population is maximal, while also ensuring that the separation
of highly stained bead populations is not altered. The level of sep-
aration can be determined via ratios such as M2 (separation of
dimmest peak = MFI of the lowest positive peak/90th percentile
of the negative bead) and M5 (separation of brightest peak) [48]
or via calculation of the stain index [56]. A variant of this approach
is the peak 2 method which also applies a voltage walk to a bead
set containing a dim population [57]. This is used to find the point
at which the robust CV (rCV) of the second peak, the dimmest pos-
itive population, is not reduced by further voltage increases. The
rCV of dim particles directly corresponds to the resolution sensi-
tivity [58]. This point also coincides with the point at which the
standard deviation begins to increase (Figure 12). A disadvantage
here is that the exact point to choose is subjective and differing
bead sets may have differing levels of separation of the peak 2
beads, affecting sensitivity.

While bead-based methods are effective at determining mini-
mal voltage requirements and tracking reproducibility, some fur-
ther optimization may be required to determine optimal settings
for particular biological samples. In some cases, it may be found
that the minimum voltage determined by beads causes highly
stained cells to be off scale or above the linear maximum. In this
case, it is essential to reduce the voltage in order to obtain reli-
able results from these cells since data outside the linear range
will result in compensation errors. If this occurs regularly, switch-
ing to a dimmer fluorochrome for the highly stained marker or
adjusting staining protocols may be a better solution to preserve
resolution of dim populations for this channel. Another source of
variation in optimal PMT voltages is the difference in the level of
autofluorescence in a cell population and the calibration beads.
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One method to deal with this is to use the BD application set-
tings [59]. To ensure that electronic noise does not have a major
influence on the resolution of dim populations, unstained cells
can be run and the PMT gain adjusted until the population has
an rSDen of 2.5 times baseline. This will effectively balance the
autofluorescence of the population on the outer edge of the elec-
tronic noise meaning that dim signals should be resolvable and
define the minimal acceptable voltage. BD application settings
are able to save these cell population optimized values in refer-
ence to CS&T baseline values so that they can be automatically
adjusted in reference to any APMT between CS&T baseline and
CS&T daily performance checks. On non-BD instruments, it is also
possible to carry out these daily adjustments if the electronic noise
of the instrument has been determined by the user or by using
a voltage walk approach to define optimal separation distances
of measured populations and then saving these values in refer-
ence to a corresponding MdFI of a bead population at the same
voltage [48].

In summary, the goal of PMT voltage optimization is to initially
determine the settings with optimal sensitivity and then reproduce
them on a daily basis. It is important to note that the aim is not
to reuse the same voltage value but rather to optimize the voltage
each time to ensure the same signal. While multiple methods are
available, most conform to a similar basic structure: 1) initial setup
using a control population (normally a bead control) to determine
reproducible minimum voltage requirements; 2) validation and
if needed, further optimization of settings for relevant biological
samples, to be saved in reference to the bead control; and 3) a
daily check of the beads controls in order obtain the desired ref-
erence values and thus the optimal voltage. Importantly, while
steps 1 and 2 may be initially time-consuming, baseline settings
determined in this way should be robust for an instrument as
long as it does not undergo significant configuration changes.
Once this baseline is set, a relatively brief daily performance
check can be used to ensure reproducibility and maintain optimal
performance.

III Before you start: Reagent and sample
preparation, experimental design

1 Controls: Determining positivity by eliminating
false positives

1.1 Introduction

For antibodies, the desired way of binding is the specific binding
of the antibody, i.e., via its antigen-binding site, to its antigen.
However, antibodies can bind in another manner to cells, also
deemed as “specific,” by interaction with that cell’s endogenous
Fc receptors. A third possible interaction between antibodies and
antigens is “nonspecific,” and occurs through ionic and hydropho-
bic interactions between the two molecules (“stickiness”). It is of
critical importance to exclude the latter two to be able to reliably
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quantify antigen expression by immunofluorescence. Therefore,
proper controls are essential in flow cytometry to determine back-
ground fluorescence and/or background staining, to distinguish
false positivity from true staining and to quantitate “true” positiv-
ity as such. Antibodies, the most widely used staining reagents in
flow cytometry, can bind a cell in many different manners.

1.2 Fluorescence spreading into the channel of interest:
Fluorescence minus one controls

The first step in establishing what a positive signal should
look like is to obtain a reference for the natural or back-
ground levels, autofluorescence, in that particular detection chan-
nel. For this purpose, a sample without the staining of inter-
est should be acquired. In the case of multiparameter staining,
this should be the fluorescence minus one (FMO) control. In
the FMO control, all antibody conjugates in the experiment are
included except the one that is controlled for. The FMO con-
trol provides a measure of the spread of fluorescence from the
other staining parameters into the channel of interest, and is
required to accurately determine the threshold for positive stain-
ing [60]. It does not, however, provide any measure of nonspecific
binding.

1.3 Specificity of reagent for staining target: Biological
controls

There are several methods to control for the specificity of antibody-
mediated immunofluorescent staining, each of which confers vary-
ing degree of confidence. The most reliable, but often also the
most difficult to obtain, control is a negative control consisting of
cells that do not express the marker of interest. The negative con-
trol should be as similar as possible to the experimental sample
to exclude differences due to autofluorescence, size, “stickiness,”
and so on. Such a negative control could be represented by using
cell lines that do not usually express the marker of interest, and
comparing these against cell lines engineered for ectopic overex-
pression of the marker, or by comparison to cells genetically defi-
cient for the marker of interest, both of which provide excellent
controls for establishing staining protocols and for testing staining
specificity. Depending on the nature of the marker of interest, the
comparison to activated versus non-activated cells may be suit-
able if markers dependent on activation are analyzed, although
one has to consider that activation may also change properties of
the cell, such as its size and shape, which may also increase the
inherent autofluorescence or unspecific staining. The use of inter-
nal controls, by staining additional markers to identify cells not
expressing the marker of interest within the same sample, e.g.,
using CD8™ T cells as a negative control for CD4" T-cell-specific
markers, or CD19" B cells when examining CD3" T cell-specific
markers, should also be considered.
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1.4 Specificity of reagent for staining target: Blocking and
isotype controls

In cases where biological negative controls are not available or
difficult to come by, blocking controls can also provide an excel-
lent measure of unspecific binding. Specific binding is blockable,
i.e., loss of staining by the fluorescently labeled antibody after
the addition of either excess soluble antigen or unlabeled anti-
body, both of which block the specific interaction of the staining
antibody with its cognate antigen. Unlabeled blocking antibody
must recognize the same antigenic epitope with comparable affin-
ity of the labeled antibody whose specificity has to be verified.
Ideally the same antibody clone should be used. Any positive sig-
nals still detected despite the use of blocking controls indicate that
unspecific binding due to ionic and hydrophobic interactions of the
antibody or the fluorochrome has occurred. When using these con-
trols, however, one has to be aware that blocking controls do not
exclude cross-reactivity of the staining antibody to other antigens.
Normal human serum (10% in PBS with an optional addition of
0.5% BSA) can be used to block the binding of labeled antibodies
to FcyR when human cells (particularly B cells or myeloid cells,
i.e., monocytes, dendritic cells, and macrophages) are analyzed.

Probably the most widely used staining control, the isotype
control, is of limited use in determining the threshold of positiv-
ity/level of background fluorescence due to unspecific binding.
The rationale behind using isotype controls is the assumption that
unspecific staining is due to the isotype of the antibody. As a
matter of fact, positive staining with isotype controls may be an
indication that antibodies bind via Fc receptors to the cell. In that
case, Fc receptor blocking reagents should be used to prevent such
an interaction [61]. However, isotype controls are by nature dif-
ferent reagents than the staining antibody, with a different amino
acid composition in the variable region, different numbers of flu-
orochromes bound to the antibody, and different concentrations,
and, thus, have different “unspecific” binding properties. There-
fore, a negative staining with the isotype control does not infer
that the staining one observes with the experimental antibody is
specific.

2 Titration: Determining optimal reagent
concentration

Before any experiment, it is good practice to validate and optimize
the reagents used. In flow cytometry, these reagents are generally
specific antibodies used to detect and quantify proteins on sin-
gle cells. Using too much or too little of the staining reagent will
result in increased unspecific staining, decreased SNR, decreased
sensitivity, lack of linearity between level of expression and stain-
ing intensity, and increased experimental costs. Thus, it cannot
be stressed enough that determining the optimal concentration
of antibodies for your experiment is of utmost importance. The
optimal concentration or “titer” of an antibody or any other stain-
ing reagent has to be determined empirically for target and your
staining condition (i.e., staining time and temperature), and for
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titrated on murine splenocytes. The antibody was titrated in 1:2 dilution

steps starting from a 1:100 dilution (5.4 pg/mL) up to 1:12800 (0.04 ng/mL). (A) Histograms of the stained samples are shown. (B) MFI of the positive
and negative populations (left axis) and SNR between the positive and negative populations (right axis) are plotted. Best separating titer for this

particular antibody was determined to be 0.7 pg/mL (1:800 dilution).

every new batch of staining reagent for that matter. Live cells
may have a different staining optimum than fixed cells, proteins
stained on the cell surface different than the same protein stained
intracellularly. As it is very improbable that commercial reagents
have been tested on your particular experimental conditions, they
should also always be titrated rather than being used at the man-
ufacturer’s recommended titer or concentration.

To determine the optimal titer for the staining antibody it is
recommended to make a serial dilution of the antibody. If it is not
known from which concentration to start from, a generic starting
point is 10 pg/mL of antibody, which is then serially diluted 1:2 for
six to eight dilution steps. The number of cells used for the titration
should be orientated toward the number of cells being stained
in the actual experiment. However, while the number of cells
affects the staining quality, staining tends to be quite robust within
quite a large density range, e.g., 10°-5 x 10° cells. Once titrated,
an antibody concentration generally gives comparable staining
quality within a ten- to 50-fold range of cell concentrations. If
cell concentrations are increased by more than that, it is usually
sufficient to increase antibody concentrations by two- to threefold,
or to make a quick two to three step titration.

Once a titration series has been made, there are several ways
to evaluate the data to determine the optimal titer. The simplest
method is to calculate the ratio of the MFI of the positive pop-
ulation (stained by the CD4 mAb) to the MFI of the negative
population, i.e., the SNR (Fig. 13A and B). It should be taken into
consideration that the applied gates for the negative and positive

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

population will have to be adjusted for each sample in the titration
series. The titer for the best separation will be the one with the
highest SNR (Fig. 13B), i.e., in this case 0.68 pg/mL or a 1:800
dilution of the original antibody stock.

One can also consider the lowest antibody concentration that
gives near maximum signal. This will be the concentration at
which staining is saturating and most robust toward changes in cell
number, staining time, and temperature. Other methods to assess
optimal staining by determining the staining index are described
here [62]:

Additional aspects to consider are

1. When using antibodies, it is the concentration of the anti-
body which is the critical parameter, i.e., when upscaling an
experiment to stain in a bigger volume, increase the amount
of antibody correspondingly to keep the concentration the
same.

2. When titrating an antibody, make sure you have a population
that does not express the antigen of interest; this helps to
correctly assess background staining. If there are no “negative”
cells in the population, consider spiking in cells.

3. Once an optimal titer has been determined, indicate the con-
centration of the staining antibody for optimal staining, and
not the dilution factor, when it comes to publishing your
results.

4. If possible, use counterstains to identify subsets of cells that
coexpress or do not coexpress the marker you are titrating for.
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This will help determine/confirm the specificity of the titrated
antibody.

3 Preparation of single-cell suspensions

3.1 Introduction

The fluidic nature of counting in flow cytometry requires single-
cell suspensions. If cells from either solid tissue or an adherent
cell culture have to be analyzed, a disintegration of the tissue or
the cell layer into single cells is an absolute prerequisite for any
flow analysis.

Techniques for the disaggregation of tissue into single cells are
very old with most of the basic protocols being from the 1980s
or 1990s. Since flow cytometry was first developed, it has always
been of great importance to measure cells not only from a sus-
pension culture but also from adherent cell cultures or from solid
tissue. In particular, in tumor research, disaggregation of the tis-
sue has to be done carefully for the application of flow cytometry.
Nonetheless, despite all the protocols and even some automatic
disaggregation systems, disaggregation is still a process that has
to be optimized specifically for each tissue in order to get the best
possible results. A high degree of standardization can be main-
tained in the cytometric laboratory using automatic processing
machines from industrial companies. For non-automated proto-
cols, companies provide a large variety of special enzymes and
protocols for enzymatic digestion.

The protocol for cell preparation depends strongly on the cel-
lular properties that are under study. These staining targets could
either be markers on the cell surface, in the cell plasma, or in
the nucleus. Alternatively, it could be DNA or RNA extracted from
each cell after cell sorting.

With similar techniques, subcellular components such as
nuclei, chromosomes, and mitochondria can be extracted either
directly from the tissue or after disintegration.

The two main principles for dissociation of a tissue or an adher-
ent cell culture into single cells are mechanical or enzymatic dis-
sociation; however, the effect of the enzymes on each protein of
interest needs to be determined, e.g., some cell surface proteins are
cleaved by collagenase. Also note, just as a reminder, if unknown
clinical material is to be analyzed, biological safety regulations
have to be maintained.

3.2 Mechanical disintegration

From a tissue (e.g., solid tumors), a sufficient number of cells
have to be extracted by applying mechanical forces. The tissue
is generally placed into a Petri dish containing some growth
medium and held by forceps. Using a scalpel, the tissue is then
scraped and minced, as long as it takes until cells are released.
The solution is then filtered to remove large tissue pieces and very
gently centrifuged. The resulting pellet is resuspended in growth
medium afterward.
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3.3 Enzymatic digestion

For enzymatic digestion, very often trypsin and collagenase Type
IT are used. In addition, other commonly used enzymes include
papain, elastase, pronase, hyaluronidase, and Dispase®. If the
degree of ploidy has to be determined, as in the case of tissue
from solid tumors, DNase I should be added to the cocktail to
remove DNA from non-intact cells. The tissue is incubated in the
enzyme solution, usually at 37°C for some time. This is followed
by removing the enzymatic cocktail by centrifugation and resus-
pending the cells in medium.

It is advised after dissociation by either mechanical or enzy-
matic methods to determine the number of cells and their viability.
An easy way of determining viability is to use a dye exclusion test
with the classical Trypan blue test in a hemocytometer by visual
microscopic inspection being the “gold standard.” Use of either this
test, or other dye exclusion tests with fluorescing dyes that can be
assessed by flow cytometry are helpful to perform. Further infor-
mation on establishing/controlling for viability is covered later in
this article (Section III.4 Dead cell exclusion, cell viability, and
sample freezing). After viability has been established, the cell sus-
pension can be used directly for flow cytometric analysis or stored
after fixation or freezing for later measurement.

In many published protocols, both mechanical and enzymatic
methods of generating single-cell suspensions from original mate-
rial are commonly combined and modified appropriately to give
the best results in term of cell yield, cell viability, and integrity
of aneuploid populations. A good representation of all kinds of
cells in the sample after tissue dissociation is always aimed for;
however, it can never be taken for granted that it is 100% and that
the proportion of different cell types in the final sample resembles
exactly their proportions in the tissue. Furthermore, the physiolog-
ical state of the generated cell suspension may be different from
that in the starting material.

3.4 Special disaggregation techniques
Two special disaggregation techniques deserve a mention and

these are nuclei from paraffin-embedded tissue and nuclei and
chromosome isolation.

3.4.1 Nuclei from paraffin-embedded tissue.
samples from paraffin-embedded sections for flow cytometry

The preparation of

requires a different protocol from those described above. In clini-
cal research, the flow cytometric analysis of cells from a paraffin-
embedded section can be required, especially if backward screen-
ing of patients needs to be performed. Preparations of cell nuclei
from paraffin sections are possible. In principle, a section cut from
the paraffin block has to be dewaxed using a solvent such as
xylene, followed by treatment with ethanol and water for rehydra-
tion. However, this can be a very lengthy procedure. Thereafter,
DNA staining of the isolated nuclei with intercalating dyes can
give reasonably good DNA histograms.
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3.4.2 Nuclei and chromosome isolation. Pure cell nuclei and/or
micronuclei can be isolated directly from most tissues and the
protocols used for nuclei preparation for cells in suspension can be
adopted. Excellent results from adherent cell cultures are possible
even without using trypsination. The tissue is first treated with
salt solutions containing a detergent and RNase. This is followed
by treatment with an acidic sucrose solution. In this way, the
cytoplasm is destroyed and nuclei are released [63]. In a very
similar way, whole chromosomes can be isolated from metaphase
cells and their DNA content can be measured with high precision.
Even single chromosomes can be sorted based on their difference
in DNA content.

3.5 Ensuring a single-cell suspension/removing oversized
aggregates after extraction

For all disaggregation methods described, it is essential to ensure
a single-cell suspension and to remove oversized aggregates after
extraction. To do so, the suspensions should be filtered through a
simple mesh (~30 to 50 pm) or a cell strainer to remove larger
aggregates, which otherwise can clog the flow cytometer’s nozzle
or channel.

3.6 General comments

Once a protocol for a certain cell type and experiment has been
developed, it is strongly recommended to always proceed in a
highly standardized way. Automatic systems with high repro-
ducibility provide mechanical as well as enzymatic tissue disag-
gregation in a more or less automatic process and may be advan-
tageous in the routine cytometric laboratory. For a typical solid
tissue, the cell yield is about 107 cells/mg material and it should
be possible to achieve >50% viability in the isolated cells. What
should not be underestimated, however, is the probability of per-
turbing cell surface structures and epitopes or disrupting the cell,
which could occur in solid tissue disaggregation. In some cases,
cell clumping, dramatically reducing the cellular yield, can be a
big obstacle for a productive flow analysis.

Many protocols for tissue dissociation and cell isolation use
a combination of the above procedures as one technique on its
own may not deliver a high cell yield and cell viability. Alternative
methods such as aspiration may also be used [64]. A successful
protocol depends in general on the personal experience in the
laboratory. It is also highly dependent on the amount of available
tissue(s), the nature of the tissue, and the planned use of the
material.

4 Dead cell exclusion, cell viability, and sample
freezing

4.1 Exclude dead cells

The cell type and the isolation procedure from dissociated tis-
sues or liquid samples will influence cellular integrity and via-
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bility. In principle, dead cells will increase background signals
either caused by a general increase in autofluorescence or by
an increased behavior to bind antibodies in a low-affinity and
unspecific manner. Therefore, dead cells should be labeled by
high affinity DNA stains such as PI, DAPI, or 7- ADD (7-amino-
actinomycin D), so that they can be excluded by appropriate gat-
ing from further analysis (see live/dead discrimination see Sec-
tion II.4 and Section V.2). In general, fluorochromes for discrim-
ination of living and dead cells can be differentiated between
those that passively integrate in the DNA of plasma membrane-
permeable dead cells or those that were actively transported into
living cells only. However, these probes are not applicable for
intracellular analyses, since all cells have to be fixed and per-
meabilized before staining. For these purposes, fixable dead cell
stains are available that bind to amines of proteins. These probes
are available in a wide range of different fluorescence colors, and
samples are to be stained first before applying the fixation and
permeabilization protocol. An extensive overview of life/dead
cell discrimination based on dye exclusion can be found in
ref. [65].

4.2 DNA-binding dyes

The principle of identifying dead cells using DNA binding dyes
is based on the concept that these dyes are impermeable to the
plasma membrane and so cannot enter viable cells having intact
membranes. Viable cells will exclude these dyes and therefore
exhibit little to no fluorescence. Cell viability can therefore be
assessed by incubating samples with a DNA dye such as PI or 7-
AAD; dead cells will stain positively for either of these two nuclear
dyes. It is important to be aware that dyes such as PI and 7-AAD
can be taken up into viable cells over time, and so these stains
should be added immediately ( ~10 min) prior to analysis, and the
staining protocol should be standardized across the experiments.
It is also important to note that DNA binding dyes cannot be used
on fixed or permeabilized cells such as those that would be used
in studies interrogating the expression of intracellular “targets”
using intracellular flow cytometry.

For the analysis, a data acquisition region is placed around the
positively stained cells, and color-eventing or “back gating” on the
PI+ or 7-AAD+ cells present is used to identify most, but not all,
dead cells as exhibiting lower FSC and higher SSC than viable cells.
Although it is possible to gate around the viable cell population on
the basis of their light scatter profile and use this for all subsequent
samples, even if these samples do not include a viability indicator,
by far the best method for excluding dead cells from data analysis
is to use a vital DNA dye in all samples. Although common dyes
used in multicolor analyses include PI, 7-AAD, TOPRO-3, pyronin
Y(G) (PY(G)), and SYTOX, a plethora of options are now avail-
able from a range of commercial suppliers. A note of caution is
that the broad emission spectrum of 7-AAD (600-750 nm at 20%
normalized emission maximum) can result in a significant level
of spectral overlap into other detectors and exclude its use in the
context of other fluorochromes such as PE-Cy5, PerCP, and PerCP-
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Cy5.5 in large multi-parameter panels. Furthermore, it is quite a
“dim” (low quantum efficiency) fluorescent molecule when com-
pared to PI, which is very “bright.” However, the minimal spectral
overlap between 7-AAD emission and that of fluorochromes such
as FITC and PE can be useful in some instances. One will also need
a compensation control for these dyes, and this could be generated
by staining cells that have been heat treated (70°C, 30 min), or by
leaving cells in isotonic saline without nutrition overnight.

Although these approaches use one of the fluorescent detec-
tion channels and thereby reduce the number of other parameters
that can be interrogated, the issue of viability is an important one
and the integrity of the experimental data and their interpreta-
tion should not be compromised by not including a viability stain
in all experiments. The far-red viability dye DRAQ7TM (Biostatus
Ltd., UK) is another viability dye that can be used in similar set-
tings to PI and 7-AAD and allows the identification or exclusion of
apoptotic, damaged, or dead cells. A particularly useful feature of
DRAQ7TM is that its dual excitation using blue (488 nm) and red
(633/638 nm) lasers and its emission at 650-800 nm allows multi-
beam excitation and the exclusion of dead (DRAQ7+) cells with-
out “consuming” what could be a vital, and much needed, addi-
tional fluorescent channel [66, 67]. The advantages of the classical
DNA-binding dyes are that this is a well-established approach that
involves a short incubation at the end of the staining procedure,
and that the reagents are of low cost. However, they are limited in
their spectral (excitation, emission) characteristics and a signifi-
cant disadvantage is that they are not suitable for experiments that
are interrogating intracellular expression of relevant antigens that
require fixation and permeabilization. A typical staining protocol
involves the following:

1. Add 500 pL of cell suspension (1-2 x 10° cells—unfixed) to a
12 x 75 mm polystyrene tube.

2. Add nuclear staining compound dissolved in PBS [PI: 5 pL,
200 pg/mL, 7-AAD: 4 pL, 250 pg/mL, TO-PRO-3: 4 plL,
250 pg/mlL, or PY(G): 5 pL, 200 pg/mL] to tube.

3. Incubate cells on ice for at least 5 min.

4. Analyze cells by flow cytometry.

4.3 Protein-binding dyes

In some instances, the aim of the analysis will be to determine
and compare the expression of intracellular molecules/proteins,
in which case cells must be fixed and permeabilized in order to
allow the probes and antibodies to enter the cells. The use of
DNA binding dyes is inappropriate in these circumstances. In these
instances, the use of dyes binding to the amine groups of proteins
(amine-binding dyes), not DNA, is recommended.

The identification of nonviable cells under such circumstances
can be achieved using products having varied fluorescence spec-
tral properties such as the LIVE/DEADR_ fixable range of prod-
ucts from Life Technologies, the eFluor™ fixable dyes from eBio-
science, BioLegend’s Zombie range of fixable dyes, Tonbo bio-
sciences’ Ghost Dyes™, and the Fixation and Dead Cell Discrimi-
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nation Kit from Miltenyi Biotec. These dyes covalently react with
protein so that the discrimination is completely preserved follow-
ing fixation of the sample. It should be noted that these dyes are
membrane impermeable and so will be internalized only by non-
viable cells. However, the level of fluorescence emitted by viable
cells (with which the dye has had access to only a few amines
on the cell surface), and nonviable cells (in which the dye has
had access to many more amines intracellularly) will be clearly
distinguishable. A word of caution: it is crucial to ensure that
staining protocols are performed in the absence of proteins in the
staining buffer, to which the dye will bind. Experiments can be
compensated using commercial amine-reactive beads or labeled
and unlabeled cells.

4.4 Vital dyes

A third category of reagent that can be used for determining cell
viability and cell death are the vital dyes. These dyes indicate via-
bility by emitting fluorescence in response to metabolic activity
in cells. Cellular esterases cleave the acetomethoxy group to yield
calcein inside metabolically active cells. “Free” calcein binds intra-
cellular calcium and fluoresces brightly green. Calcein AM dyes
can be passively loaded into adherent and non-adherent cells.
These cell-permeable esterase substrates serve as viability probes
that measure both enzymatic activity, which is required to activate
their fluorescence, and cell membrane integrity, which is required
for intracellular retention of their fluorescent products. Available
with blue, violet, and green fluorescence, these dyes are ideal for
short-term staining (signals can be measured within 5 min, but
once the AM group is cleaved, it can be actively transported out of
the cell within a few hours) of live cells and can be used in multi-
plexed flow cytometry experiments. However, as the fluorescence
generated by these dyes is driven by the presence of metabolic
activity, it is not easy to include them in staining protocols that
require fixation and permeabilization.

4.5 Dye-free approaches

As a sub-optimal alternative to the use of fluorescent stains, the
light scatter properties of dying cells and cells undergoing apop-
tosis change and these can be detected by flow cytometry based
on forward and side light scatter (FSc, SSc) properties. However,
the nature of these changes and their detection will depend on the
cells and the optical design of the instrument being used. Apop-
totic or dying cells can therefore be identified without any staining
by FSC and SSC parameters only. Reardon et al. [68] have exten-
sively compared the use of light scatter- and fluorescence-based
approaches for monitoring viability after freezing. Cells can also be
stained for apoptotic markers (e.g., cleaved caspase-3 or cleaved-
PARP). This works well for cells that are directly collected from
growth culture or in vivo, as cells in these situations commonly
die by apoptosis. These markers will not work for cells that die by
necrosis, but such cells are more likely to have abnormal scatter.
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4.6 Freezing cell samples

The freezing of cell samples offers the advantage of being able
to monitor responses over a prolonged period and to man-
age longitudinal studies involving many patients and/or healthy
donors/controls. Freezing of cells is also used when including sam-
ples taken at multiple sites and having them analyzed at a central
laboratory. Freezing, therefore, facilitates the logistics of measure-
ment, such as when only a few samples per day are to be analyzed
and the simultaneous analysis of samples that have been collected
at different times reduces the potential impact of experimental
and analytical variabilities that can be introduced. Of course, all
of these should be minimized by establishing standard operating
procedures for the experimental set up and flow cytometric anal-
yses and undertaking robust and regular quality control processes
for the instrument.

However, even if precautions are taken, freezing cells
inevitably influences cellular biology and key parameters that are
likely to be a key element of the study such as viability, immuno-
logical capacity and responsiveness, and ability to be expanded in
vitro. The properties of thawed cells might be significantly differ-
ent to their freshly isolated counterparts. These potential issues
and limitations therefore need to be taken into consideration.
Whenever possible, one should determine the effect of freezing
and thawing on the key biological and immunological readouts
before embarking on an experimental program that stores frozen
samples.

Maintaining the highest level of viability requires cells to be
frozen in a cryoprotective solution. DMSO is a commonly used
solution that, when used at a concentration between 5 and 10%
v/v in an appropriate medium, retains a high level of viability
after storage. One technical point to consider is that the best
recovery is achieved with a gradual freezing process, i.e., low-
ering the temperature of the cells by 1 to 2°C/min. This pro-
cedure is intentionally slow in order to prevent the formation
of ice crystals and cell rupture. Higher concentrations of DMSO
(up to 10% v/v) allows faster freezing and has been shown to
deliver 85% post-thaw viability, with some variability between
different types of leukemia. Automatic freezing techniques using
temperature-controlled setups have been developed for the rou-
tine cytometry laboratory. In these systems, the cell samples are
slowly moved down a tank of liquid nitrogen by a motor-driven
spindle. Commercially available cell freezers are the most suitable
appliances for this process. However, manual methods have been
widely reported to give adequate results.

The thawing process is as important as the freezing one and
must be done very rapidly, with active thawing being prefer-
ential to a passive one. Active thawing and other steps in the
thawing process have been evaluated for leukocytes by Hgnge
et al. [69]. It should be appreciated that different cell types
respond differently to thawing, and this needs to be taken into
consideration during experimental design. As an example, Alsayed
et al. [70] reported that myeloid leukemia cells recovered better
than lymphoid leukemia cells. Immunophenotyping is an impor-
tant and frequently used method in risk assessment and post-
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therapy follow-up in the clinical laboratory that requires a high
degree of standardization and post-thaw viability tests in order to
ensure that results are accurate and robust.

It is also possible to fix live cells and then freeze them. This is
not appropriate for any setting where the cells need to be analyzed
for function after thawing, if the main issue is one of logistics,
fixing, and then freezing works well. One can use the Smart Tube
System (Smart Tube Inc), or the fixing protocol published by Chow
etal. [71].

5 Cell fixation and permeabilization for flow
cytometric analyses

5.1 Introduction

The analysis of intracellular targets using flow cytometry (intra-
cellular cytometry) presents a number of technical challenges that
are not generally encountered in the measurement of cell sur-
face epitopes, or in the measurement of dye uptake/processing
(e.g., Calcein AM) in viable cells. In general, cells (in suspension)
must be first “fixed” to preserve and maintain both the structure
and location of target epitopes, then “permeabilized” to allow
probe (e.g., antibodies) access—ideally to all cellular compart-
ments (cytoplasm, mitochondria, ribosomes, nucleus, etc.).

In general, cell fixation is accomplished by the use of either
crosslinking fixatives (e.g., formaldehyde, glutaraldehyde), or low
molecular weight alcohols (methanol, ethanol), which generally
act to “coagulate” proteins. Formaldehyde has the advantage of
generally maintaining the overall conformation of the native pro-
tein. However, since formaldehyde generates multiple reactive
sites on peptides, polysaccharides, and lipids, crosslinking can hide
or sequester epitopes such that they are not freely accessible to
antibody probes after fixation. An additional benefit of formalde-
hyde fixation in the study of posttranslational protein modifica-
tions (e.g., phosphorylation, methylation, acetylation, ubiquitina-
tion, etc.) is that formaldehyde appears to both “fix” the modi-
fication of target amino acids (serine, threonine, tyrosine), and
also inhibits the degradation of these targets in living cells (e.g.,
phosphatase removal of phosphorylations, demethylase removal
of methylations, and so on). In contrast, alcohol fixation generally
results in poor detection of some (phospho-, and potentially other
protein) modifications.

5.2 Fixation of whole blood specimens

Studies in the field of immunology frequently utilize peripheral
blood, lymph node, or bone marrow cells, often with a prelim-
inary purification step (Ficoll-Hypaque, hypotonic lysis, ammo-
nium chloride) to remove red blood cells. In addition, preliminary
purification techniques can remove potential target cell popula-
tions (e.g., loss of blasts using Ficoll-Hypaque). In this section,
we will first cover fixation and permeabilization techniques for
samples containing red blood cells, and subsequently cover fixa-
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tion and permeabilization techniques for isolated cell populations
(tissue culture cells, isolated lymphocytes, monocytes, etc.)

Following fixation, cell permeabilization is performed in order
to gain access to the cell interior. This can be accomplished using
either detergents (e.g., Triton X-100, NP-40) or saponifiers (e.g.,
Saponin), or with low molecular weight alcohols (methanol or
ethanol). A complete discussion of the advantages and disadvan-
tages of different approaches/reagents is beyond the scope of this
guideline, but also see Chapter V section 15. Here, we focus on
a fixation and permeabilization technique developed for use with
clinical samples (whole blood, bone marrow) [71]. We set out to
develop a technique that would allow the direct addition of fixa-
tive to clinical samples (to immediately “fix” phospho-epitopes and
prevent dissociation of signaling inhibitors out of cells, which can
result in rapid reversal of their inhibition). However, the addition
of fixative directly to whole blood presented the problem of how
to remove RBCs after fixation. We discovered that the addition of
Triton X-100 at the appropriate concentration and time directly
to the sample (still containing formaldehyde) achieved RBC lysis
and WBC fixation without any significant loss of WBC populations.
As a cautionary note, it is important that the incubation times are
strictly followed.

As shown in Fig. 14, whole blood from a healthy human
fixed using the formaldehyde/Triton X-100 technique shows three
major populations using FSC versus SSC (lower panel). Here, the
location of the monocyte population (blue) is determined using
CD14. The separation of lymphocytes from monocytes by light
scatter alone is sufficient to identify both populations; and as
shown in the figure, the use of CD14 provides a good resolu-
tion of these cell types. The resolution of lymphocytes from cel-
lular debris using light scatter alone, however, is problematic.
The lysis of RBCs generates a significant amount of debris that
overlaps with lymphocytes in light scatter measurement. How-
ever, as shown in Fig. 14 (top panel), staining the sample with
CD45 allows clear resolution of CD45-positive/negative lympho-
cytes from CD45-positive/negative debris. The data shown here
were generated after a single wash following the RBC lysis step.
Use of additional washes at this point reduces debris significantly
for most samples.

5.3 Materials

5.3.1 Staining whole human blood.

1. Fresh human whole blood (5-10 mL) collected in anticoagu-
lant (KoEDTA or sodium heparin).

2. Formaldehyde, 10% (methanol-free). Store at room tempera-
ture in the dark. Use within 6 months.

3. Triton X-100 detergent (e.g., Surfact-Amps™ X-100, Thermo
Fisher). Prepare working solution by diluting 116 uL 10% aque-
ous Triton X-100 solution with 10 mL 1x PBS. Store stock and
working solutions at room temperature. Working solution is
stable for 1 month.

4. PBS, calcium- and magnesium-free, pH 7.4.
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Figure 14. Human whole blood fixed with formaldehyde and perme-
abilized with TX-100. White blood cell populations were identified using
CD14-PE-Cy7 and CD45-Krome Orange. Debris (red) is identified using
CD45 versus SS (top panel—region C). Identification of peripheral blood
monocytes (shown in blue in both panels) was accomplished using CD-
14-PE-Cy7 (not shown).

5. Wash buffer—PBS/5% BSA (preferably protease-free BSA if
also using for antibody dilutions).

6. Methanol—100% reagent grade, dilute to 50 or 80% with NaCl
(final concentration 0.9%), store at —20°C; use at 4°C).

5.3.2 Procedure: Whole blood fixation and permeabilization.

1. Place anti-coagulated whole blood sample at 37°C and allow
temperature to equilibrate.

2. For 100 pL whole blood sample, add 65 uL 10% formalde-
hyde, and immediately vortex. Incubate at room temperature
(~24°C) for exactly 10 min.

3. After exactly 10 min of incubation in formaldehyde at room
temperature, add 1 mL of room temperature Triton working
solution, vortex, and place in 37°C bath and set timer for 15
min.
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4. Add 1 mL of cold (4°C) wash buffer and vortex. Centrifuge at
500 x g for 4 min.

5. Inspect tube for complete RBC lysis (rust red pellet, clear red
supernatant—not turbid). If RBC lysis is incomplete, resus-
pend pellet in 1 mL Triton working solution at 37°C for an
additional 15 min.

6. Remove supernatant, and wash pellet thrice using cold wash
buffer (centrifuge at 500 x g).

7. For methanol treatment, slowly add 1 mL 4°C methanol solu-
tion (50 or 80% depending on target epitope) to the washed
cell pellet while vortexing pellet. Incubate in ice for 10 min.

8. Centrifuge (500 x g) and wash pellet twice using 2 mL cold
wash buffer.

9. After final centrifugation, carefully remove as much super-
natant fluid as possible. Resuspend pellet by vortexing. Add
antibody cocktail, incubate and wash twice with cold wash
buffer.

10. Resuspend cell pellet in 0.5 mL wash buffer and analyze
immediately on flow cytometer. For intracellular epitopes that
degrade, or for samples that need to be analyzed more than
6 h after resuspension, resuspend in 0.1% paraformaldehyde
in PBS. Store at 4°C in the dark until analysis.

5.4 Effect of methanol on epitope staining

Some intracellular or intranuclear epitopes remain poorly acces-
sible to antibody probes after fixation and permeabilization using
the formaldehyde-Triton technique described above. This is likely
a limitation of all similar aldehyde-detergent (only) fixation and
permeabilization techniques. In our experience, phospho-STAT
proteins are largely undetected after this type of processing. How-
ever, treatment of the fixed and permeabilized cells with cold
(4°C) methanol for 5-10 min “unmasks” these epitopes [71],
although care must be taken to validate the effects of methanol
treatment particularly when used post-staining and when using
tandem dyes as described below. As shown in Fig. 15, treatment
of fixed and permeabilized whole blood (activated using GM-CSF)
with up to 50% cold methanol has minimal impact on the qual-
ity of P-STATS staining (same signal intensity for 50% methanol
or untreated sample indicating almost no P-STATS5 staining, not
shown). However, treatment with 80% cold methanol produces
a significantly stronger P-STATS5 signal. The impact of treatment
with methanol at both 50% (top) and 80% (bottom) concentra-
tions on P-ERK and P-S6 staining (ribosomal S6 protein) is also
shown in Fig. 15. Here, methanol treatment has minimal effect on
the P-ERK signal intensity and reduces the P-S6 signal by about
20%. It is therefore important, when first developing and optimiz-
ing fixation and permeabilization for new cytoplasmic epitopes, to
determine the impact of methanol treatment on all target epitopes
that will be measured in the assay.

While methanol “unmasking” is important for the evaluation
of some phospho-epitopes, it also has the effect of decreasing
(or eliminating) the immunoreactivity of other important epitopes
used to detect specific cell populations. In our experience, this is of
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Figure 15. Impact of methanol concentration on P-STATS immunore-
activity in peripheral blood monocytes activated in vitro using GM-CSF.
Whole blood from a normal donor was treated with GM-CSF for up to 20
min in vitro at 37°C. One part of the fixed and permeabilized samples
was treated with 50% methanol (A) and the other with 80% methanol
(B) at 4°C. After washing, all samples were stained with (-¢-) P-STATS,
(-0-) P-ERK, and (-A-) P-S6.

particular importance in the analysis of some myeloid—monocyte
markers in human blood or bone marrow (CD14, CD33, CD64),
and of less importance for stem-cell or progenitor cell markers
(CD34, CD117). See ref. [72, 73] for details regarding cell surface
CD markers that we have tested, which are effected by methanol
treatment.

In the example illustrated in Fig. 16, we have compared the sig-
nal strength obtained when staining whole blood CD14-positive
monocytes using either 50 or 80% cold methanol. In addition,
in this study, cell surface CD14 was stained with a tandem dye
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Figure 16. Effect of methanol treatment on CD14 stain-
b ing of human peripheral blood monocytes. Whole blood
200 MFl = 3 samples from one individual were stained with CD-14-PE-
MFl =12 = Cy7 before (left panels) or after (right panels) fixation and
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(PE-Cy7) either before fixation and permeabilization (and prior to
cold methanol treatment), or after fixation, permeabilization, and
cold methanol treatment. Looking at the impact of 50% methanol
treatment (upper panels), comparing the CD14 fluorescence inten-
sity for monocytes labeled before or after fix-perm and methanol,
the MFIs are very similar for cells labeled before or after fixa-
tion and subsequent treatment. In contrast, when considering the
impact of pre- or post-fixation staining as shown in the lower
panels, cells labeled with CD14 after fix-perm and 80% methanol
(lower right panel) show a significant reduction in CD14 stain-
ing intensity (compared with that of cells stained after 50% cold
methanol, top right). While cells stained with CD14 mAb before
fix-perm and 80% cold methanol treatment (bottom left) show
a fourfold higher MFI than cells stained after, they still show a
50-60% loss in CD14 staining intensity (relative to unfixed whole
blood). Together, these data support the concept that the CD14
epitope detected by the antibody used here (BCI clone RMO52) is
not affected significantly by treatment with 50% cold methanol,
but is affected following 80% cold methanol. In addition, these
data show that the antibody-conjugate is also impacted by 80%
cold methanol (MFI is lower for cells stained following fix-perm
and 80% methanol treatment). These data should reinforce the
concept that all of the details of fixation—permeabilization and
methanol treatment need to be validated for the complete set of
antibody conjugates used for a new experiment. For more infor-
mation regarding the use of pre- or post-staining peripheral blood
in relation to intracellular and CD epitopes, see ref. [74]. This
technique [74] has been utilized to stain both cell surface and
intracellular epitopes for the analysis of MAP Kinase, STAT, and
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ribosomal S6 signal transduction pathways in human bone mar-
row samples [72, 73].

5.5 Fixation and permeabilization for non-adherent tissue
culture cell preparations

Routine fixation and permeabilization of tissue culture cells
(anchorage-independent cell lines) is accomplished using
formaldehyde fixation followed by permeabilization of cytoplas-
mic and nuclear membranes using absolute methanol. Although
we routinely stain both cell surface and cytoplasmic or nuclear
epitopes simultaneously, it is also possible to stain cell surface
epitopes with some antibody conjugates prior to fixation and per-
meabilization [74]. This approach is particularly useful for cell
surface markers that are altered (e.g., CD19) or destroyed (e.g.
CD14, CD15, CD64) by fixation using alcohol treatment alone.

5.5.1 Determining optimal formaldehyde fixative concentration.
Optimal detection of phospho-epitopes appears to be influenced
by the formaldehyde concentration used to fix different types
of cells. As shown in Fig. 17, P-STAT5 in K562 cells is opti-
mally detected following treatment with 0.05 to ~0.4% formalde-
hyde (37°C for 10 min). Since the degree of potential epitope
cross-linking/fixation is proportional to the formaldehyde
concentration, incubation time, and temperature, all three of these
variables should be controlled and performed identically each
time. As shown in Fig. 17 at higher final formaldehyde concen-
trations, the P-STATS5 signal decreases, likely from overfixation,
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Figure 17. Effect of formaldehyde concentration on P-STATS
immunoreactivity in K562 cells (reproduced from ref. [75] with per-
mission). Cells were fixed at 37°C for 10 min using increasing final con-
centrations of formaldehyde, permeabilized, and stained with anti-P-
STATS5-PE as described.

and limitation of phospho-epitope accessibility by antibody con-
jugates [75]. As also shown in Fig. 17, treatment with absolute
methanol alone (no formaldehyde: first data point) results in a
background level of signal.

5.5.2 Routine fixation, permeabilization, and antibody staining for
non-adherent cultured cell preparations. For fixation and perme-
abilization of non-adherent tissue culture cells, we add the optimal
formaldehyde concentration directly to sub-confluent cells (ideally
re-fed 12-24 h prior to harvest) in tissue culture media (routinely
containing 15-20% FBS), and return cells to the 37°C tissue cul-
ture incubator for 10 min. Cells are then centrifuged (400 x g
for 10 min), and resuspended using a vortex mixer (note: cells
are clumped at this point and require vigorous treatment with
vortex to achieve resuspension of all cells). While vortexing, abso-
lute methanol (stored at —20°C) is added with ~1 mL absolute
methanol per 107 cells being added. At this point, the cells can
be stored in a well-sealed container at —20°C for several weeks
with no significant decrease in the detection of phospho-epitopes
(epitopes tested thus far).

For staining of intracellular epitopes, place 3-5 x 10° cells
into each tube (we routinely perform staining of tissue culture
cells in 1.2 mL microfuge tubes). Centrifuge tubes (for refriger-
ated microfuge, use 10 000 rpm for 12 s), carefully aspirate off
supernatant, and resuspend the cell pellet in 1 mL cold (4°C) wash
buffer (Dulbecco’s PBS/5% FCS or Dulbecco’s PBS/5% protease-
free BSA) while vortexing. Place tube on ice for 5 min to allow
buffer to equilibrate and remove residual alcohol. Centrifuge as
above. Repeat and wash twice with cold wash buffer.

Carefully remove supernatant following the last centrifugation
step, and resuspend cells in 100 uL of antibody conjugate (or
antibody conjugate mixture). It is important that each antibody
used is titrated to ensure optimal SNR. Incubate cells with antibody
(or antibodies) on ice (4°C) in the dark (if using photosensitive
conjugates) for 30 min.
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Resuspend cells in 0.5 mL cold wash buffer for flow cytometry
analysis (if cells are to be analyzed within 1-2 h). If cells will not
be analyzed within 1-2 h, centrifuge the washed cells, and resus-
pend the cell pellet in cold PBS/0.1% paraformaldehyde. Cells
post-fixed in 0.1% paraformaldehyde and stored at 4°C (dark)
are stable (light scatter and phospho-epitope detection) for at
least 24 h. It should be noted that the signal intensity of some
phospho-epitopes start to decrease significantly within minutes of
the final resuspension in cold wash buffer (e.g., P-S6). For these
epitopes, it is strongly recommended to immediately place the cells
in PBS/0.1% formaldehyde, which significantly decreases the rate
of signal loss.

6 Variable lymphocyte receptor antibodies

6.1 Ouverview

Variable lymphocyte receptor antibodies of the evolutionarily dis-
tant jawless sea lamprey are structurally distinct from Igs of jawed
vertebrates. They recognize antigens with a high degree of speci-
ficity and can be utilized in various biomedical research appli-
cations in which their unique antigen recognition characteristics
complement conventional antibody panels. In this section, we pro-
vide a protocol for the use of these novel reagents in multicolor
flow cytometry applications.

6.2 Introduction

The recently identified variable lymphocyte receptor (VLR) anti-
gen receptors of jawless vertebrates have contributed greatly to
our understanding of the evolution of the adaptive immune sys-
tem [76]. Three VLR genes (VLRA, VLRB, and VLRC) have been
described that are assembled by a gene conversion-like mecha-
nism, and are expressed by cells reminiscent of af T cells, B cells,
and y3 T cells, respectively, with VLRB being secreted in the form
of disulfide-linked decameric complexes. Conventional antibodies
utilize the Ig domain as the basic structural unit and are gen-
erated by recombination of the variable (V), diversity (D), and
joining (J) gene segments for the antibody heavy chain and the
V and J gene segments of the antibody light chain. As illustrated
in Fig. 18, the resulting antibody consists of an F(ab)/F(ab’)2
domain that engages the antigen primarily via interactions medi-
ated by residues located in the complementarity determining
regions (CDR) 1, 2, and 3 whereas the Fc domain allows for the
communication with various cells of the immune system to elicit
biological responses. The ability of antibodies to recognize their
antigens with a very high degree of specificity and to label these
reagents with fluorescent dyes makes antibodies the key compo-
nent of most flow cytometric applications. Unlike conventional
antibodies, VLR antibodies utilize the leucine-rich repeat (LRR) as
a basic structural unit [77]; the resulting gene product assumes
a solenoid shape (Fig. 19A), wherein the corresponding antigen
interacts with residues located at the inner concave surface, and
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F(ab)/ F(ab")2 domain: antigen recognition

Fc domain: Fe receptor binding

with a variable loop structure protruding from the capping C-
terminal LRR unit [78, 79]. VLR antibodies have become a novel
class of highly specific biomedical research tools, by virtue of the
vast VLR antibody repertoire. Interestingly, VLR antibodies appear
to be particularly suited for the specific recognition of posttransla-
tional protein modifications. Several monoclonal VLR antibodies
recognizing carbohydrate moieties were described [80, 81] and
recently our group reported the isolation of a monoclonal VLR
antibody recognizing the HLA-I antigen in a tyrosine sulfation-
dependent manner specifically on human memory B cells and
plasma cells, a binding pattern distinct from those of any described
conventional antibody [82]. The distinctive antigen recognition
characteristics of these VLR antibodies indicate that the unique
origins and protein architecture of VLR antibodies may permit
binding to antigens that conventional antibodies may not readily
recognize because of tolerogenic and/or structural constraints. An
established protocol harnesses the expansive repertoire to gener-
ate antigen-specific monoclonal VLR antibodies with ready appli-
cability in standard laboratory techniques such as flow cytometry
and ELISAs [83].

Several research groups have used monoclonal VLR antibod-
ies, either unmodified or engineered as Fc fusion proteins for
purification using protein A/G columns and detection with a vari-
ety of commercially available reagents recognizing the IgG Fc
domain. Alternatively, purification is also readily performed using
Ni-columns targeting an engineered 6xHis epitope tag followed by
detection of the VLR antibody with reagents specific for the incor-
porated HA-epitope tag (Fig. 19B). Here, we describe a protocol
for use of VLR antibodies in multicolor flow cytometry analyses of
human PBMCs in combination with conventional, directly labeled
monoclonal antibodies. Depending on the type of VLR antibody
used and the expression levels of the targeted antigen, a two-
layer or three-layer staining approach can be used (see below for
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Figure 18. Structural characteristics of Igs. Rib-
bon diagram of a mouse monoclonal IgG anti-
body consisting of two identical heavy and light
chain proteins, respectively. Antibody heavy
chain residues are indicated in blue and light
chain residues in green. Amino acid residues
encoding the CDR1, 2, and 3 regions are shown
in red. (Image was generated using the Swiss
PDB viewer and PDB accession number 1IGT).

protocol). The use of monoclonal VLR antibodies with engineered
epitope tags or VLR-Fc fusion proteins permit a more efficient two-
layer staining approach. The use of unmodified monoclonal VLR
antibodies or experiments targeting antigens expressed at low lev-
els require a three-layer staining approach since the established
anti-VLRB monoclonal antibody 4C4 cannot be readily modified
with common labeling systems that target primary amines. Several
positive and negative control reagents for VLR-based experiments
have been described [83, 85].

6.3 Experimental workflow and acquisition

6.3.1 Reagents.

* Fluorescently labeled anti-epitope tag or Fc-specific reagents
are available from several commercial sources.

* Monoclonal mouse anti-VLRB clone 4C4 [86]. Note that this
antibody is reactive with an epitope in the stalk region of all
VLRB molecules, and it displays impaired antigen-binding char-
acteristics following modification with amine-reactive dyes.

* Negative control monoclonal VLR4 antibody (specific for the
BclA antigen of the exosporium of B. anthracis [83]).

* Positive control VLR32 antibody (specific for human CD5) [87]
or VLRB MM3 antibody (specific for human CD38 on plasma
cells) [85]. Suitable cell lines for testing of positive controls are
the Jurkat T-cell leukemia and the Daudi Burkitt’s lymphoma,
respectively.

6.3.2 Two-layer staining approach.

* Incubate PBMC with monoclonal VLR antibody in PBS/0.5 BSA
for 25 min on ice (v = 40 pL).

ammu engineered VLR

VLR-Fc fusion

Figure 19. Structural characteristics of VLR antibodies. (A) Ribbon diagram of the antigen-binding units of a monoclonal VLR antibody. Parallel
p-sheets lining the concave antigen-binding surface are shown in blue and a variable loop structure involved in antigen binding is depicted in red.
The invariant stalk region necessary for multimerization of the secreted VLR antibody was omitted (Model was generated using the Protein Model
Portal Algorithm [84]). (B) Structural characteristics of VLR antibodies. Individual VLRB units consist of a signal peptide, N-terminal LRR (LRR-NT),
LRR-1, up to nine variable LRRv units, a connecting peptide, C-terminal capping LRR (LRR-CT) and the invariable stalk region and can be modified
by inclusion of engineered 6xHis and HA-epitope tags or Fc-fusion sequences.
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* Wash with PBS/0.5% BSA.

* Resuspend cells in antibody cocktail containing fluorescently
labeled lineage-specific conventional monoclonal antibodies
and fluorescently labeled anti-epitope tag antibodies (or anti-Fc
antibodies if VLR-Fc fusion proteins are used), incubate for 15
min on ice.

* Wash twice with PBS/0.5% BSA.

* Resuspend in PBS/0.5% BSA/1 pg/mL PI and analyze by flow
cytometry.

6.3.3 Three-layer staining approach.

* Incubate PBMC with monoclonal VLR antibody in PBS/0.5%
BSA for 25 min on ice (v = 40 uL).

* Wash with PBS/0.5% BSA.

* Resuspend cells in PBS/0.5% BSA, add anti-VLRB clone 4C4
at a concentration of 1 ug/mL and incubate for 15 min on ice
(v = 40 pL).

* Wash with PBS/0.5% BSA.

* Resuspend cells in PBS/0.5% BSA, add fluorescently labeled
goat anti-mouse reagent (typically at a 1:300 dilution), incubate
for 15 min on ice (v = 40 pL).

* Wash with PBS/0.5% BSA.

Resuspend cells in PBS/0.5% BSA/5% normal mouse serum,

incubate for 10 min on ice. (Blocking step, see “Pitfalls” below)

* Add antibody cocktail containing fluorescently labeled lineage-
specific conventional mAbs, continue incubation for 15 min on
ice.

* Wash twice with PBS/0.5% BSA.

* Resuspend in PBS/0.5% BSA/1 ug/mL PI and analyze by flow
cytometry.

As is the case with all conventional antibodies, monoclonal VLR
reagents must be titrated prior to use and 2 pg/mL serves well as a
starting point. While background signals with the negative control
VLR4 are not typically observed, negative control stains lacking
any VLR antibody, in addition to negative controls or the various
conventional antibodies, should be routinely included.

6.4 Pitfalls

Potential omission of blocking step in three-layer staining
approach. This blocking step is important to prevent binding of
directly labeled antibodies from the next incubation step to poten-
tially unoccupied binding sites of the goat anti-mouse reagent from
the previous step.

7 New antibody reagents
As discussed earlier in this chapter, the determination of specific

binding of antibodies to antigens and Fcy receptors as well as
nonspecific antibody binding to cells can be difficult. Furthermore,
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Before you start: Reagent and sample preparation, experimental design

the critical role of antibodies and their limitations are known and
published [88]. Therefore, to improve the data reliability in these
respects, further advanced technologies are desirable and various
antibody products with improved characteristics are available. A
few of them are discussed here.

Miltenyi Biotec developed the REAfinity antibodies. These are
recombinant antibodies, which are engineered by cloning of the
antibody-binding region of mouse or rat mAbs with the human
IgG1 Fc region. The construct is expressed in a mammalian cell
line under standardized conditions. To eliminate any binding of
the recombinant antibodies to the Fcy receptors, the Fc region of
the antibody is mutated suggesting that no blocking of the Fcy
receptor binding sites on the target cell surface is necessary. Since
all recombinant antibodies are derived from human IgG1, the same
isotype control antibody can be used to prove that there is no bind-
ing of any REAfinity antibody to the Fcy receptors on target cells.
Additional advantages are proposed to be a very high antibody
purity and a very good lot-to-lot consistency due to the standard-
ized antibody expression by the used cell lines. Other compa-
nies, such as Enzo Lifesciences, provide recombinant antibodies
as well.

Another type of antibodies without any reactivity to mam-
malian Fcy receptors is the chicken IgY [89], making it an alter-
native to be considered for improving data accuracy. One more
possibility to reduce error sources, when analyzing cells with high
multiparameter panels, is the use of the Duraclone system pro-
vided by Beckman Coulter. These are pre-formulated antibody
panels, which are unitized and dry, allowing an easy work flow,
since no pipetting and antibody mixing is necessary. To perform
the staining, the cell suspension (e.g., a sample of whole blood)
needs to be added to the lyophilized antibody mixture. Due to that
standardization, a reduced staining variability can be expected.
Additionally, the panel does not need to be developed, in contrast
leading to a reduced flexibility, although drop-in markers are pro-
vided. Solutions to stain samples for compensation are included
in the available Kkits.

Another technology to be mentioned here, because it allows a
huge flexibility (especially if a primary conjugated antibody flu-
orochrome combination is not available) is the Zenon labeling
system by Thermo Fisher Scientific. It consists of Fab fragments
conjugated with fluorochromes, which target the Fc region of pri-
mary, non-conjugated antibodies. The creation of that complex
can be performed with very small amounts and it is very fast. It
needs only some minutes, although remaining unbound Fab frag-
ments should be captured afterward by addition of nonspecific
IgG. Also, the ratio between the Fab fragments and the primary
antibody needs to be titrated to obtain the desired degree of bind-
ing and therefore the staining intensity. After staining the cells,
a fixation based on aldehydes might be beneficial to preserve the
staining and to prevent the transfer of Zenon labels from one
antibody to another one. Since the Zenon labeled antibodies are
significant bigger than directly labeled primary antibodies, there
might be limitations when using them especially for intracellular
staining.
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It should be noted that this section should not be understood
as an advertisement to specific products. Rather it is an incom-
plete selection of some materials on the market to get an overview
about different systems. Other related or comparable products,
which are not discussed here, are offered by various compa-
nies. Nevertheless, the discussed materials might help improving
the data quality. However, irrespectively which of the discussed
techniques are used, the researcher needs to gain an impres-
sion if the used material will indeed help to create more accu-
rate results. Furthermore, the same controls, as stated above,
should be considered to ensure the reliability of the obtained
data.

IV Cell sorting

1 Pre-enrichment of low abundant cell populations
prior to acquisition/cell sorting

1.1 Introduction

One of the major advantages of flow cytometry is the capability to
measure multiple parameters per cell with a speed of several thou-
sand cells per second. This allows the measurement and detection
of rare cell populations with frequencies below one in one million
cells (1/1 x 10°). But even with this relatively high number of
cells analyzed per second, a lot of time is required to acquire a
significant number of rare cells for statistical analysis. Assuming
a frequency of one cell of interest per 1 x 10° cells in a given
sample, one would need to acquire a minimum of 1 x 10° cells
to have at least 10° cells of interest at the end of acquisition. The
average acquisition speed of many flow cytometric analyzers, at
which they will detect and acquire all incoming signals without
significant loss due to coincident or electronic aborts, is around
10* cells/s. It would therefore take more than 24 h to acquire
enough of the described sample in order to reach the 1000 cells
of interest.

While this time calculation is basically true for many available
flow cytometric analyzers, for cell sorting, the time calculation is
different. Here, additional parameters come into focus. In common
flow cytometers that hydrodynamically focus the cells in front of
the laser intersection point (point of fluorescence detection, see
Chapter I Section 1.2 Hydrodynamic focusing), the speed of the
carrier stream is given by the system and only the volume of
sample running through per time can be adjusted by the user.
In contrast, the fluidic of most cell sorters is more variable and
allows adjustments of speed and flow-through volumes at various
steps (both on the sample and instrument side). In many cell sort-
ing experiments, there is a demand to maximize both the yield
and purity of the sorted cells and minimize the time you need
to run your cells through a machine. Yield and purity influence
each other and are both dependent on the speed (cells running
through a sorter per second) and the frequency of cells of interest
(see Chapter IV, Section 2.1). Unfortunately, they cannot be max-
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Figure 20. In cell sorting experiments one often needs to find a com-
promise between purity, yield, and time, which cannot be optimized all
at the same time.

imized both at the same time. The less abundant a cell population
is, the lower the speed of sorting has to be, in order to ensure
a high yield with an acceptable purity (>95%). If you speed up
(increase the number of cells running through the machine per
time), your yield will drop significantly (up to 50% in some cases)
or alternatively, the purity is sacrificed for a higher yield obtained
in a shorter period of time (see Fig. 20). Therefore, sorting 1000
rare cells with high purity could last twice as long as the acqui-
sition only (the relation between speed, frequency of cells, yield,
and purity are discussed in more detail in Chapter IV, Section
2.1). This crude calculation only accounts for the time needed
for acquisition and cell sorting; not counted is the time already
invested in preparing and staining the cells (see, e.g., Chapter III,
Section 3).

Given that flow cytometry as a method allows the identifica-
tion and quantification of individual cells within a given popula-
tion and given that in cell sorting this decision takes even more
time, thereby slowing down the process, it is obvious that enumer-
ation/evaluation of every single event especially of samples with
large cell numbers prior to sorting is not a practicable way to go
about analysis and sorting of rare cell populations. How then can
we achieve acceptable work times and make it possible to analyze
those rare cell populations?

We need a reduction in workload, meaning a reduction of
the amount of cells that need to be measured in the flow
cytometer. One way to overcome this situation is to get rid of
as many “unwanted” cells as possible prior to acquisition, in
the form of pre-enrichment. Cells can be separated from each
other in many different ways and some methods of pre-enriching
rare cells before flow cytometric analysis are discussed below.
Because same pre-enriching techniques can be used as stand-
alone bulk sorting approaches, the following section comple-
ments the subsequent chapter about parallel cell sorting. Require-
ments and pitfalls analysing rare cells are discussed in Chapter V,
Section 1.

In general, we can distinguish methods based on physical prop-
erties (such as density and size) or using immunological features
(antibodies coated to beads or magnetic particles) as discussed in
the following two sections.
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1.2 Pre-enrichment by physical properties

Physical properties of cells may be exploited to enrich them. For
instance, monocytes, macrophages, and dendritic cells within a
mixed cellular population adhere to plastic and are in general
adherent within the first 2 h of being incubated on a Petri dish.
Cells other than macrophages and dendritic cells can be removed
and washed off with the supernatant. After longer incubation peri-
ods (=20 h), dendritic cells start detaching from the plastic again.
With this method, an enrichment of up to 70% could be reached
for dendritic cells. This method is used in the process of generating
and isolating dendritic cells out of monocytes and macrophages
derived from blood or bone marrow [90, 91].

Another simple method to eliminate unwanted events is the
lysis of red blood cells (see also Chapter IV, Section 2.5 and
Fig. 22B), which are a common “contaminating element” in tis-
sue preparations. In contrast to nucleated cells, erythrocytes burst
upon brief exposure (<60 s) to a hypotonic medium (e.g., erythro-
cyte lysis buffer: 155 mM NH4Cl; 10 mM KHCO3; 100 mM EDTA).
Remember that human and mouse erythrocytes differ in size and
ability to resist hypotonic shock over time. Various buffers and
protocols are available, which differ in temperature and exposure
time, affecting lysis outcome. It is therefore necessary to adapt
the lysing protocol to the experimental conditions ([92-94] and
Chapter IV, Section 2.5).

Peripheral PBMCs can be enriched by density gradient centrifu-
gation using Ficoll®. This biological inert polysaccharide allows
the separation of PBMCs from plasma, granulocytes, and erythro-
cytes based on their cellular density (Fig. 21) (see also Section
IV.2: Parallel cell sorting: 1.3.1 Ficoll-Paque™, Lymphoprep™).

While many users report a lower recovery (up to 10-15%)
in the absolute numbers of target cells after density gradi-
ent centrifugation, they profit from faster operational times in
downstream assays and lowered costs, because fewer (staining)
reagents in less buffer are needed for the significantly reduced
total cell numbers. In functional assays, e.g., antigen presenta-
tion or proliferation assays and transplantation (e.g., hematopoi-
etic stem cell transplantation to reconstitute bone marrow and
blood formation in irradiated mice), a higher cell viability and
reconstitution frequency is reported when Ficoll-enriched cells
were used, as compared to preparations without preenrichment
via density gradients.

Elutriation [95-97] is another method of separating cells based
on their size, which uses centrifugal forces. The technique is also
called counter flow centrifugation and makes use of a modified
elutriator rotor containing a separation chamber with which one
can gently separate a large variety of cells from different tissues
and specimens. The cells are separated in this chamber mainly
based on their different sizes by the opposing action of the cen-
trifugal field generated by the rotation of the rotor and the liquid
flow inside the chamber (Fig. 21; centripetal, means in direction
to the rotor axis (counter flow)). Because the separation is not
dependent on a specific density gradient, this method is com-
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patible with a wide set of media. Another big advantage is high
viability and low activation of the cells, making it an interesting
tool in a clinical environment [98].

1.3 Pre-enrichment by immunological properties

Although pre-enrichment methods based on physical properties
(such as size, density, etc.) are straightforward, they do not allow
for functional or biological discrimination of sub-populations, e.g.
discrimination between T and B lymphocytes. To do so, immuno-
logical separation methods, which make use of antibodies to
reach the specificity and cell population of interest, could be
used.

One of the first methods established (in the early 1970s) is
antibody-mediated complement lysis of unwanted cells. The cells
(e.g. erythrocytes or T cells in a mixed lymphocyte pool) that you
want to eliminate are detected and opsonized with specific anti-
bodies (at the beginning serum from immunized animals were
used, nowadays one can also use mAbs against the antigen of
interest). Soluble parts from the complement C system are added
to the cell suspension, bind to the antibody-tagged cells, and lyse
them [99, 100]. There are more “classical” methods to enrich dif-
ferent immune cell subpopulations, some of which are still in use.
These methods are summarized elsewhere [101] and are only
mentioned to complete the overview. In the meantime, a vari-
ety of easier and more efficient techniques have become avail-
able. These techniques combine the advantages of beads and
antibodies.

To enrich or deplete subpopulations out of a heterogeneous
cell population, one can use beads coupled with mAbs against
antigens expressed on the cells of interest that bind to the anti-
gens forming larger aggregates. These cell-bead aggregates can
now be easily separated from the unbound cells in the solution by
passing the bead/cell-mixture over a mesh (Fig. 21). Cells that are
bound to beads would not pass through the mesh, and are thus
enriched on the mesh surface, whereas all other cells are smaller
than the mesh-size and flow through. After filtration through the
mesh, the antibody-coupled beads can be detached from the cells
to allow the cells to be further analyzed. Using varying sizes of
mesh and beads make sequential separations possible. For exam-
ple, the pluriBead® technology allows cell enrichment as well as
depletion of specific subpopulations [102]. Advantages and dis-
advantages of that technology are further discussed in Chapter IV
Section 2.2.1.1.

The most commonly used methods for pre-enrichment of sub-
populations are based on beads passing a magnetic field. A variety
of companies offer different solutions for enrichment or depletion
of cell populations. One system of immunological pre-enrichment
employing magnetic fields is the MACS® Bead-Technology
[103].
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Figure 21. This figure shows a summary of discussed enrichment methods. (A) The separation of different cell types with a Ficoll® density
gradient is shown. (B) Once one applies a centrifugal force in an elutriation chamber, cells will stop passing through and start separating along a
density gradient built inside the chamber. The equilibrium formed depends on the speed of the cellular flow, the amount of applied centrifugal
force, and the viscosity of the medium used. This is the reason why elutriation is compatible with a wide range of cell types and carrier media.
(C) Target cells (black) can form aggregates with antibody-labeled beads and If you add beads that are coated with specific antibodies against your
target cells (black) to the cell suspension, the target cells will form aggregates with the beads. These aggregates are held back on the top of the
mesh while the rest of the cell suspension is passing through. With this method one can either deplete or enrich for a specific cell population.
Combining different mesh and bead sizes is allowing for a serial enrichment of target cells.

1.4 Magnetic pre-enrichment for high-resolution detection
and analysis of rare cell populations

For the detection and analysis of cell subsets that are detectable
only in very low frequencies (<0.1%), appropriate pre-enrichment
strategies, as detailed in the sections “Pre-enrichment by physical
properties” and “Pre-enrichment by immunological properties,”
may help improve gating resolution for the cell population of inter-
est. Typical applications are the detection of hematopoietic stem
cells [104], CTCs [105], dendritic cells [106], or lymphocyte sub-
sets, such as antigen-specific T cells [107]. As one of the most com-
monly used pre-enrichment technologies immunomagnetic posi-
tive and negative selection strategies have been established (this
has been exemplified in the context of detecting antigen-specific T
cells (Chapter V Section17.5.3, Fig. 67). Magnetic pre-enrichment
is a unique tool to improve resolution of cell populations, e.g., via
isolation of weakly labeled cells to achieve separation of “overlap-
ping” populations, depletion of irrelevant cells, or enrichment of
rare cells (Fig. 24). As described above for mesh-filtration based
enrichment, the concept is based on the attachment of small, inert,
supra-magnetic particles to mAbs specific for antigens on the tar-
get cell population.

Cells labeled to these antibody-bead conjugates are then sep-
arated via a column containing a ferromagnetic matrix. By apply-
ing a magnetic field to the matrix, the beads stick to the matrix
inside the column and the bead-carrying cells are held back from
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passing through (Fig. 22C). Unlabeled cells can pass through the
matrix and are collected in the flow-through (Fig. 22D). To elute
the trapped cells from the column, the magnetic field is sim-
ply removed. The MACS® technology therefore enables different
strategies for positive enrichment or depletion of cells. MACS®
beads are comparable small and offer the advantage of not inter-
fering (too much) with downstream assays (see also Chapter V,
Section 18.5). In contrast to cell sorting, up-scaling the cell num-
bers does not significantly increase processing times. For some
cell types (e.g., CD4" T cells or B cells), a high enough purity
can be achieved such that further enrichment is not necessary
(of course this is dependent on the quality needed for the down-
stream assay, e.g., RNA/DNA purification). Solutions using mag-
netic beads other than MACS® beads are also available for cell
separation (e.g., Dynal® Beads [108] or BD iMag™ [109]). The
beads in these kits are generally larger than the MACS® beads and
do not require a separate matrix to retain the cells in the magnetic
field. The disadvantage of using these systems is that, for many
downstream assays, it is necessary to detach the beads from the
cells to avoid interference with the system.

To pre-enrich your cells, you can choose a protocol from a
variety of different techniques, which separate your cells based on
their physical and/or immunological properties. Pre-enrichment
could be useful to cut down the processing time of your experi-
ment, increase the quality of downstream assays, or to reduce the
amount of reagents needed.
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Figure 22. Enrichment of human B cells out of whole blood stained for CD45 BV421 and CD19 APC. (A) Staining prior enrichment. (B) Staining after
lysis of erythrocytes with Lysing-buffer. (C) Staining after CD19* MACS® enrichment. (D) Staining of the CD19~ fraction (MACS® flow through).

2 Parallel cell sorting

2.1 Introduction and general considerations

Parallel or bulk cell sorting is generally used to isolate a large
number of cells in a batch mode, often as a pre-enrichment step
before a single-cell sort (see Section IV.1 “Pre-enrichment of low
abundant cell populations prior to acquisition/cell sorting”). Par-
allel sorting uses parameters such as cell size, density, magnetic,
or electrical properties. Affinity binding reagents (e.g., antibodies)
for specific cell subsets can be used to change specific properties,
e.g., magnetism or density to achieve an antigen-specific bulk sort.
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General considerations: Bulk cell sorting from a cell mixture
can be done by many methods, each one having different advan-
tages and challenges. The main variable parameters to be con-
sidered are specificity, yield, purity, viability, and functionality.
Moreover, speed, cost, and consumables for equipment must be
also taken into account. The importance of the different functional
parameters will depend on the specific experimental goals, e.g.,
very high purity may be essential in many cases, while yield may be
less important, because sufficient material is available. Instrumen-
tation features depend on the specific needs and the experience of
the user(s). Figure 23 illustrates the various parameters needed
in deciding on a sorting strategy or method. Not always can all
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parameters be set at optimal levels simultaneously. For cell iso-
lations, where multiparameter sorting is not needed, but where
speed is of essence, e.g., because high numbers of cells must be
sorted, bulk cell sorting is preferred.

Flow cytometry cell sorting, where cells are sorted one-by-one,
is the gold standard for multiparameter cell sorting. This proce-
dure yields very high specificity according to one or several surface
markers, which are made visible by fluorescence-labeled antibod-
ies. The limitation is mainly the number of cells that can be sorted
during a work-day. Pre-enrichment for subsequent flow cytometry
cell sorting is another important application of bulk sorting and
should always be considered, especially when the wanted cells
are comparatively rare. First, because it reduces time of the cell

Purity Fraction =

Eur. J. Immunol. 2019. 49: 1457-1973

Figure 23. Check-list: Parameters for select-
ing a sorting method. The parameters that
affect cell sorting and therefore must be pri-
oritized when choosing a sorting strategy are
shown. Starting from the available material
(amount, fragility), they range from the mun-
dane cost aspect to practical and methodologi-
cal concerns such as the available time, to the
important experimental approaches regarding
what yield, purity, or versatility is needed for
down-stream applications. Optimization of one
parameter may downgrade another parameter,
e.g., a high purity may be at the expense of a
high yield or speed, or unchanged functional-
ity of the cells may not allow direct positive
selection.

physiological

complex

Cell “yield” is the fraction of wanted cells in the original mixture
that could be recovered alive after the sorting procedure.

To quantitatively evaluate sorting performance, several calcu-
lations can be performed. The purity, i.e., fraction of positive cells
in the sorted fraction, can be expressed as the ratio of positive
cells and the sum of positive and negative cells. Then, using the
measured purity and yield, the yield for nontarget particles, the
negYieldFraction (Fraction = Percentage/100), in the target sam-
ple after sorting can be calculated. This provides a helpful metric
when optimizing a sorting technology. Ideally this number will
be zero, when 100% purity is achieved in the separation. The
negYieldFraction, a measure for how many unwanted cells are
found in the sorted sample, can be calculated by re-arranging the
equation:

posFraction * posYieldFraction

to obtain

negYieldFraction =

posFraction x posYieldFraction + negFraction * negYieldFraction

posFraction * posYieldFraction  (1.0/PurityFraction — 1.0)

sort, and second because it helps to improve gating quality by
eliminating potential fluorescence overlap between stained and
unstained cells (Fig. 24). An overview of cell sorting technologies
and applications can be found in ref. [110]

Bulk cell sorting can either use any cell surface marker for
distinction, or use distinct physical properties of cells, such as
density differences (Ficoll™ isolation), size, plastic adherence,
phagocytic capacity (macrophage enrichment), or sensitivity to
hypotonicity (erythrocyte lysis). Keeping track of cell numbers,
viability, and analyzing the sorted cells before, during, and after
any separation is good routine in order to determine cell yield and
cell purity, and to detect any unreasonable cell losses or damages.
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1.0 — posFraction

Another approach for the evaluation of bulk sorting perfor-
mance is described in ref. [111], where it only uses fractions of
cells in the original and positive fraction and does not need infor-
mation about the yield of the positive (wanted) population. The
enrichment factor Fe in ref. [111] is the inverse of the negYield-
Fraction, if the yield of positive cells is 100%. At lower yields,
there are small differences between the two metrics. Table 4 pro-
vides an example showing that final purity values alone are not a
good measure for sorting performance (rows 4 and 5 in Table 4),
even though it may be the important measure for biological
activity.
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Figure 24. Improvement of population discrimina-
tion after pre-enrichment. Cytometer histograms of
unwanted (gray lines) and wanted (solid green) pop-
ulations. (A) A large excess of an unwanted popula-
tion may create substantial overlap with the target
population, making it impossible to achieve a good
single cell sort. (B) After a pre-enrichment bulk sort,
which removes most of the unwanted population a
good discrimination between the two populations can
be achieved.

Table 4. Example of sort performance metrics. The values for purity,
yield, and the fraction of positive cells in the original sample are
measured and the negative logarithm of negYieldFraction, -log(Y-)
(the underlying equations are detailed in the text (IV.2.1) and the
logarithm of Fe [111] are calculated

Purity (%) Yield (%) Orig (%) -log(Y-) Log(Fe)
95 100 50 1.28 1.28
95 90 50 1.32 1.28
95 10 50 2.28 1.28
99 90 1 4.04 3.99
95.6 90 0.1 4.38 4.34

2.2 Antibody based bulk cell sorting

Physical properties of cells can be changed by the reaction with
specially tagged affinity reagents like antibody conjugates with
magnetic particles. In this way, specific subsets can be isolated
with bulk sorting methods.

2.2.1 Magnetic beads coupled to antibodies. This technique uses
the force of magnetism to sort out cells according to specific
cell surface markers. Several commercial systems are available,
which use either inorganic superparamagnetic or ferromagnetic
materials embedded in polystyrene beads or in a matrix such as
dextran, or coated with graphene [112]. Beads in sizes from tens of
nanometers up to several times the size of a typical mammalian cell
are available for bulk cell sorting. The bead-size is not disclosed by
all companies. Cells are incubated with the beads and then drawn
to a magnet of appropriate strength either in a column, tube, or
96-well plate. Nanometer sized beads require high field strength
and field gradients, generally achieved in columns or microflu-
idic channels with optimized ferromagnetic structures. Unwanted
cells are poured off or eluted. In negative selection strategies, all
unwanted cells are labeled, leaving the wanted ones untouched for
downstream applications or a second round of selection by another
surface marker. Several bead or affinity reagent chemistries allow
the detachment from the cells if needed. The bulk sorting method
hinges on the quality of the antibodies used, and the density of
the surface markers on the cells. Cells with a low density sur-
face marker expression may be more difficult to sort. Rare cell
sorting is possible, albeit it may require several rounds of sorting
and intensive washing to remove nonmagnetic cells. Bulk sort-
ing with beads, especially with large beads, cannot distinguish
between high and low expression of a given antigen on the cells.
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Selection of a good antibody is crucial for successful sorting, as
is the concentration of beads in the labeling step. Nonspecific
binding associated with antibodies clustered on beads has to be
addressed with some reagents and cell types. Nowadays, many
kits for sorting a range of cell types in various species are com-
mercially available. Custom-made beads may be a choice as well,
and are offered by some companies. Conjugation of antibodies to
magnetic beads in your own laboratory or the use of avidin beads
with second-step labeling with biotinylated antibodies is another
option.

Advantages: Fast, high cell numbers, specific, positive, and neg-
ative selection possible.

Pitfalls: No distinction of antigen density in sorting with larger
beads (some nanometer-sized colloidal beads show some differ-
ences in magnetic retention in some systems [113]); activation
of cells by bead attachment is possible (must be excluded for
individual downstream applications). Temperature and duration
for binding must be considered (in the context of phagocytosis,
decreasing possibility of nonspecific binding, capping, or efficient
binding kinetics). Note: the sort quality must always be analyzed
to detect possible cell losses and impurities. Also the cell viability
can be influenced by buffers or bead sizes.

Selected manufacturers: miltenyibiotec.com, Sepmag.eu, stem-
cell.com, thermofisher.com, turbobeads.com, cd-bioparticles.com,
biolegend.com

2.2.1.1 Nonmagnetic beads coupled to antibodies. Nonmag-
netic beads coupled to antibodies (pluribeads®) use strainers to
fish out cells, attached to large polystyrene beads. The method
is based on the size-enlargement of cells as the beads are larger
than cells. Specificity is achieved by the antibodies and, again, the
quality of the antibodies is important. As beads vary in size, sev-
eral cell subsets can be sorted out of a mixture by using different
sized beads for different antibodies. A potential advantage is that
the size of the beads may prevent phagocytic uptake. Beads can
be detached by a special buffer, and sequential sorting is possible.

Advantages: Fast, high cell numbers, specific, positive, and neg-
ative selection possible.

Pitfalls: Generally no distinction of antigen density in sort-
ing; activation of cells by bead attachment/detachment proce-
dure is possible (must be excluded for individual downstream
applications); nonspecific binding (the sort quality must be ana-
lyzed to detect possible cell losses and impurities). Temperature
and duration for binding must be considered (in the context of
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phagocytosis, decreasing possibility of nonspecific binding, cap-
ping, or efficient binding kinetics).
Selected manufacturer: pluriselect.com

2.3 Methods based on density differences

Cells, organelles, parasites, and so on have different densities, and
their density differences can be used for cell separation [114, 115].

2.3.1 Ficoll-Paque™, Lymphoprep™. Ficoll-Paque™ contains
Ficoll™, a highly branched polysaccharide, and metrizoate.
LymphoPrep™ replaces the latter with sodium diatrizoate. Sideby-
side comparisons of the gradient media have previously been
done [116]. They have low viscosity, are nontoxic, and can be pre-
pared for different densities. Ready-made solutions are also com-
mercially available. Ficoll-Paque™ gradients are frequently used
to separate peripheral PBMCs versus granulocytes/erythrocytes
from whole blood. Efficient removal of dead cells from a mixture
is possible as well (note of caution: this procedure is stressful for
the living cells). When separating blood, the upper fraction con-
tains both lymphocytes and other mononuclear cells. Addition of
iohexol, a nonionic X-ray contrast agent, to the gradient medium
can remove monocytes as well [116]. Nycoprep™ and OptiPrep™
are gradient solutions without Ficoll™, based on a tri-iodinated
derivative of benzoic acid with three aliphatic, highly hydrophilic
side chains or on iodixanol, respectively. They thus are not based
on a polysaccharide net [117]. From the granulocyte/erythrocyte
mix, neutrophil granulocytes can be isolated further by dextran
sedimentation [118, 119], and erythrocytes lysed by hypotonic
shock (see Chapter IV, section 2.5).

Advantage: Easy to use, little equipment needed.

Pitfalls: Density for similar cells between species can differ
(e.g., for mouse, horse, and human lymphocytes [120]); erythro-
cytes and granulocytes can become captured in the upper layer,
if the gradient is overloaded or the blood was frozen. Centrifuga-
tion must be done at room temperature and with the centrifuge
brakes turned off. The step of overlayering blood on the gradient
is time consuming and must be done with care. Various commer-
cially available systems such as SepMate™ exist to aid in this,
including prepared Ficoll-gradients in containers to draw blood.
Loss of cells and recontamination when harvesting them from the
gradient surface is possible. Cell activation can be an issue, e.g.,
when isolating neutrophils [118].

Selected manufacturers: gelifesciences.com, http://www.
stemcell.com/en/Products/Popular-Product-Lines/SepMate.aspx

Percoll: A second density separation medium is Percoll,
made from colloidal nanosized silica particles coated with
polyvinylpyrrolidone [121]. Percoll is nontoxic and has a low vis-
cosity, so cells can be centrifuged at low centrifugal forces. Iso-
osmotic gradients of densities between 1.0 and 1.3 g/mL can be
formed by layering solutions of different percentages of Percoll
in a tube. Cells of differing densities collect at the different inter-
faces and can be taken off. Colored density marker beads made
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of Sephadex™ are helpful to visualize the density borders in the
gradients.

Advantage: Versatile, as several cell types separate in the dif-
ferent layers in one tube.

Pitfalls: See Ficoll-Paque™; cell activation can be an issue and
must be considered.

2.4 Methods based on cell size

Size differences of cells of interest, e.g., erythrocytes, platelets,
leukocytes, or circulating tumor cells (CTCs) in blood, can also be
used for separation.

2.4.1 Filters. Membrane filters are applied in sample de-bulking
as they can separate particles or molecules based on size. The
pore size enables larger cells to be retained on the membrane
and smaller cells to pass through. For example, leukocytes (mean
diameter 8-10 pum) can be isolated from erythrocytes (6-8 um
but disc shaped) by flowing whole blood through a membrane
filter; back flushing will recover the captured white blood cells.
However, classical filter membranes do not have homogeneous
and precisely controlled pore sizes, so the resolving power of this
separation is limited and, due to the material of the filter, the
recovery of white blood cells may be inefficient.

Another separation method based on cell size that targets red
blood cells and platelets specifically uses microfibrated silicon
chips. These feature homogeneously etched slots of a certain size
designed to let erythrocytes pass through under a certain pressure
while retaining leukocytes on the surface of the chip. The leuko-
cytes can then be recovered by elution. Early evaluation of this
technology has demonstrated 98.6 + 4.4% recovery of leukocytes
without bias to any leukocyte subpopulation and 99% removal
of erythrocytes. The enriched leukocytes have over 95% viabil-
ity [122].

Mesh-size based catching of cells from adipose tissue directly in
culture has been demonstrated using various filter materials [123].

Advantages: Easy to use and little equipment is needed.

Pitfalls: Throughput of the filters is limited by surface area and
overload may result in reduced purity and recovery of leukocytes.
So far the commercial devices can only handle up to 2 mL of whole
blood, which is sufficient for some cell analysis assays but not
enough for blood transplantation and cell therapy applications.
The recovery of leukocytes is sensitive to the pressure applied—
pushing with higher pressure and higher flow rate may result in
decreased recovery.

Selected manufacturer: avivabio.com (for microchip devices)

A method of bulk sort-
ing currently under development is based on cell size. There are
several publications reporting a microfluidic device that separates
particles and cells with high resolution [124] and is able to not
only fractionate whole blood components by their sizes [125]
but to also isolate CTCs from whole blood [126]. Recent work
describes improvements for the routine use of the technology for

2.4.2 Deterministic lateral displacement.
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rare cell enrichment [127], for the isolation of leukocytes from
whole blood [128], and for cell washing for cellular therapy appli-
cations [129]. The micro-fabricated silicon device consists of a
matrix of obstacles, and the gap and the size of the obstacles are
precisely controlled. When the particle mixture is introduced to
the device, the laminar flow goes through the arrays of obstacles
and the smaller particles will follow the streamlines and the larger
particles will be “bumped” by the obstacles and deflected into a
different flow stream. Multiple sections of an obstacle matrix with
varying gap sizes can be built in one device so that multiple sized
particles can be isolated because each sized particle will follow its
own determined path flowing through the device. In theory, there
should be no throughput limitation of the technology as it is a
continuous flow system; however, some surface treatment of the
device may be needed to avoid cell adhesion. The device has little
tolerance to clogging, air bubbles, or cell aggregates, as changes
in the fluid flow profile alter the particle travel path and deflect
the flow streams possibly resulting in decreased purity and/or
recovery.

Advantages: High resolution, continuous separation, and hav-
ing the potential to be high throughput, high resolution size
discrimination with high purity of cell populations with non-
overlapping sizes.

Pitfalls: Clogging with samples with cell aggregates.

Manufacturer: Contact gpbscientific.com for quote for custom
fabrication.

2.4.3 Acoustic particle sorting. Particles exposed to an acoustic
field are known to move in response to an applied acoustic radi-
ation force. Numerous researchers have investigated the effect of
acoustic waves on cells and particles in aqueous solution. The
force exerted on a particle by an acoustic field can be described by
the following equation:

Fx ~r3K ®sin(2nx/\)

where r is particle radius, K is a constant proportional to density
of medium and particle, ¢ is the acoustic contrast factor (propor-
tional to density and compressibility), and x is the distance from
the pressure node in the direction of the wave [130]. Thus, acous-
tic focusing can be used to separate and position particles based on
size, density, and deformability. The ultrasonic standing wave is
generated by a piezoelectric transducer and resonance vibration
of the microfluidic device made in silicon or glass. The channel
width is designed to match half a wave length resonance of 2 MHz
in order to have larger cells “focused” in the middle of the chan-
nel. [131]) demonstrated the removal of platelets from peripheral
blood progenitor cell product on a microfluidic device in which
an acoustic standing wave is generated in the fluidic channel. The
acoustic pressure pushes leukocytes to the pressure node located
at the center of the channel and leaves platelets at the side stream
going to a waste outlet. Size is a dominant parameter for acoustic
cell sorting but not the only parameter as shown in the equation
above. For example, separation of leukocytes from erythrocytes in
whole blood is not easily done on an acoustic device as erythro-
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cytes, although having a smaller diameter, move to the acoustic
energy node along with leukocytes as the erythrocytes have a
higher density. Recently, optimization of the technology has been
achieved and the preparation of mononuclear cells from diluted
peripheral blood has been reported [132].

Advantages: Continuous flow—no throughput limitation, label
free.

Pitfalls: The cell moving trajectory in the flow channel is deter-
mined by both the acoustic pressure and the shear pressure so
the flow rate and channel configuration need to be well controlled
otherwise the separation efficiency will suffer. Due to the heteroge-
neous nature of cells in biological sample and the multiparameter
physics of acoustic separation, separations have to be optimized
for specific samples.

Manufacturer: acousort.com

2.5 Erythrocyte lysis

Enucleated erythrocytes are more susceptible to hypotonic shock
than nucleated cells (see also Chapter IV, Section 1.2). Either a
low isotonic Tris/NH4Cl buffer for several minutes at room tem-
perature or 37°C, or pure water for several seconds will lyse ery-
throcytes in cell mixtures. The latter method is particularly useful
for blood, which contains approximately 1000 times more ery-
throcytes than leukocytes. Several other cell lysis solutions are
available commercially as well [92, 93].

2.6 A historical note

The methods described in Chapter IV, Sections 2.2-2.5 have super-
seded older methods to specifically isolate cells, such as panning
on antibody-coated plastic dishes [133], nylon-wool based iso-
lation of T cells, or sheep red blood cell rosetting followed by a
Ficoll gradient [134, 135]. The latter is still commercially available
under the name RosetteSep™ for specific uses, in particular for
the removal of unwanted cells from blood and can be considered
a protocol still in use. These older methods are not discussed here,
but they are summarized in ref. [101].

3 Serial cell sorting

3.1 Cell sorting by flow cytometry

Successful cell sorting by flow cytometry often requires that more
attention be paid to sample preparation than is typically done
when preparing samples for analysis only. When sorting, the often-
challenging objective is to not only separate some sample fraction
in a timely manner such that the sorted output is a pure viable
fraction, but also that the sorted cells be functionally capable,
that they expand well in culture or perhaps be competent to per-
form in some other subsequent assay (e.g., produce cytokines or
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some other vital cellular function). Another requisite for good
cell sorting is to have a proper single-cell suspension, ensuring a
desirable sample behavior in flow where good doublet discrimi-
nation can be performed with minimal conflict aborts during the
sort. How to best achieve good sample behavior and maximize
performance?

3.1.1 Choice of buffers. The most commonly used media/buffers
for processing mammalian cells were designed to work at 1 atmo-
sphere pressure either on a laboratory bench or within a CO,
incubator, yet inside the sample chamber of most cell sorters the
pressure can often exceed 2 to 4 atmospheres depending on the
conditions and nozzle size chosen for the sort. Sample buffers that
historically tend to perform well for sorting such as Dulbecco’s
PBS or HBSS (minus Ca™ and Mg*™), both with 10 to 25 mM
HEPES and protein (usually 1 to 2% heat inactivated serum or
BSA), and more recently BD FACS™ Pre-Sort Buffer plus from 0.2
to 2% protein (application dependent) are recommended. Bicar-
bonate media buffers such as Roswell Park Memorial Institute
(RPMI) or DMEM usually do not make the best candidates for
sample sort buffers or sort collection buffers since they (i) are a
different buffer type than the cytometer’s sheath buffer (bicarbon-
ate vs. phosphate), and (ii) by design require 5% CO, to main-
tain physiological pH, and (iii) usually contain divalent cations
(Ca?* and Mg?") plus phenol (very fluorescent). If a bicarbonate
media is used, one should be wary and use either Ca™ or Mg™™"
minus formulas without phenol or mitigate the undesirable diva-
lent cation side effects for sorting (making the cells “sticky”) by
adding ~1 mM EDTA in addition to 25 mM HEPES and protein.
HEPES buffered bicarbonate media has been reported to be light
sensitive [136].

3.1.2 Considerations for adherent cells and cells isolated from solid
tissues. In preparing adherent cell lines for sorting a common
pitfall is often within the protocol to remove the cells from a
dish using trypsin or trypsin-EDTA and subsequently inactivate
the trypsin by adding back culture media containing a significant
amount of serum. This step is designed to stop the proteolytic
activity of the trypsin and make the cells “sticky” to easily adhere
to a plastic dish when passaging the cells. The opposite is desired
for cell sorting by flow cytometry, the sample should not be “sticky”
with a tendency to adhere to plastic. As a result, good flow cytom-
etry cell sorting protocols for adherent cells will typically either
inactivate the trypsin with soybean trypsin inhibitor or use one of
the many available nonenzymatic cell disassociation buffers (e.g.,
Accutase™); in either case, if the cells grow in media with serum,
the culture should be gently rinsed twice with Dulbecco’s PBS
before disassociating and removing the cells from their substrate.
Some cell types, when disassociated with nonenzymatic disasso-
ciation buffers that rely on chelating agents, may show decreased
viability as compared to trypsin disassociation [137]. If there is any
doubt, a few simple pilot experiments designed to determine the
best preparation method for the specific cells in question is often a
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very good investment toward successful sorting, since things like
EDTA can affect certain cell types [138].

Similarly, isolating cells from any primary tissue for flow
cytometry cell sorting can be very challenging, care should be
taken to ensure the chosen protocol is optimized and tested to not
only provide the intended cells (e.g., regarding isolated dendritic
cells from spleen different protocols can enrich for different phe-
notypes) but helps coerce the cells into a well-behaved single-cell
suspension. The highest quality reagents should be used, especially
when using proteolytic enzymes such as collagenase, pronase, dis-
pase, or trypsin since small amounts of contaminants can have
serious undesirable effects resulting in poor sample performance.
Collagenase is dependent on calcium for activation, for example,
and other divalent cations may be activators (Zn™") or inhibitors
(Mg™) [139], and care should be taken to ensure any additive
endotoxin levels are as low as possible.

3.1.3 Stickiness to plastic: A menace of cell sorting. When per-
forming bulk sorts and collecting a sorted fraction into a plastic
tube, it is usually best to precoat the tube with serum leaving some
at the bottom, or if desired, additionally seed the tube with a small
volume of the sample buffer containing 2 to 10% serum. Adding
unbuffered bicarbonate media to the collection tube and sorting
on top of it runs the risk of high pH conditions causing undesirable
salts to form while the phosphate and bicarbonate buffers mix with
the cells present, thereby reducing cell viability. When performing
single-cell sorts into a microtiter plate, any media pre-added to
the wells should be HEPES buffered and conditioned beforehand
if possible. Additionally, when sorting onto/into small targets such
as microtiter plate wells extra care should be taken to ensure the
accuracy of the deflected drops during the sort by choosing an
appropriate nozzle size to minimize the effects of cells on drop
breakoff [140] (choose a nozzle at least five to six times the cell
diameter as verified under a microscope).

3.1.4 Cell concentrations and sorting rates. Once prepared, the
sample should have a final cell concentration that allows the
desired event rate to be achieved with only a modest differen-
tial pressure on the sample. Increasing the sample rate signifi-
cantly by simply forcing more through the system is not recom-
mended. The sample should be filtered just prior to being loaded
onto the sorter to help ensure no clumps are present and fur-
ther disperse any weakly adhered cells. After filtering the sample
through a Nitex nylon monofilament mesh with an appropriate
pore size (30-50 pm depending on cell size), any samples that
tend to dynamically re-aggregate during a sort are best dealt with
by installing an in-line nylon sample filter of the same pore size
to help prevent clogs. Generally, since the theoretical sorting effi-
ciency of a single cell preparation is that of a homogeneous Pois-
son process [141], the operational efficiency of the sorter may be
estimated by

_ - . drop_packet
(rate x(1.0— fraction) x Trequency )

Efficiency =e
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where rate is total events/s, fraction is percent being sorted, drop
packet is the number of drops including any additional temporal
purity mask, and frequency is the drop rate in drops/s. Normaliz-
ing to sorter drop frequency, this means when sorting a fraction
that is 10% of the total at an event rate of one cell to every four
to five drops, it can be expected to sort with an efficiency of 80 to
85% when using a single drop sort.

3.1.5 Purity and doublets.
setup, suddenly the application sorting efficiency is low (higher

If, after optimizing the sorter during

than expected conflict abort rate), it is indicative that the sample
is not a monodisperse cell suspension, that cells are likely “sticky,”
adhering to one another during entrainment and not arriving into
the sensing zone as a homogeneous Poisson process. This is a very
common scenario with many cell preparations, especially adherent
and primary cells, and often the sorter performance is blamed
for what is a behavior intrinsic to the sample. Much of the time
this can be significantly mitigated by reexamination of the sample
preparation protocol to discover what might be improved to help
coerce the cells into a well-behaved single-cell suspension. This
often involves the addition of EDTA or DNase etc. to the sample
sort buffer.

Whenever a sorted sample using a purity sort mode (where
system-defined spatial-temporal drop zones in the stream are
examined logically for potential contaminants for each sort event)
is not as highly sorted as desired, the most common reasons are
that either the classification scheme for single cells is not robust
enough and hidden passenger cells are occasionally sorted, or that
there are particles in the stream that are disturbing the droplet
breakoff stability and, as a result, the wrong drops will occasionally
appear in the collection tube, or a combination of the two. Sorters
certainly cannot read the operator’s mind and will attempt to do
exactly what they are set up to do so, if a positive selection from the
sorter suffers from disappointing purity, one simple performance
check is enough to sort a completely negative cell fraction for
comparison. If that sorted negative fraction is 99% pure or higher,
yet the positive fraction is only 80 to 95% pure, then the likely
cause is undetected “doublets” due to an insufficiently constrained
single-cell gating strategy. In many flow systems, doublets tend to
align with the doublet figure’s major axis in line with the partially
developed laminar flow and the pulse width becomes a very useful
parameter to help distinguish singlets from doublets. Other sys-
tems, such as the BD FACSAria™ family that use fully developed
laminar flow in their fluidics design can have those same doublet
figures rotate off axis after entrainment in flow such that forward
scatter (FSC) pulse width alone will not detect enough doublets,
and in such cases using both FSC and side scatter (SSC) look-
ing at plots of Height versus Width (or Height versus Area—but
that usually leaves less screen real estate for drawing gates) will
help reveal many more doublets, boosting the purity to a more
acceptable level with careful gating. Figure 25 (reproduced with
permission from ref. [142]) is an example of such a strategy where
pulse geometry gates on both FSC and SSC detect an additional
9% of doublets that would pass through a standard scatter gate.
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Matching nozzle size to particle size is key, and the general rule of
thumb is that the nozzle should be four to five times that of the par-
ticles for bulk sorting and five to six times that of the particles for
plate deposition where accuracy is more critical. Ensure that the
actual cell size is what you expect it to be when choosing a nozzle,
and whenever there is doubt it is very useful to quickly compare to
known bead size standards by simply putting small drops of each
on a microscope slide and checking, not only the size(s) within
the sample but also the quality as the amount of debris should
be low, the number of single cells high, and clumps/aggregates
should be the rare exception rather than the rule. Electrostatic
cell sorters tend to perform very well with monodisperse sam-
ples and struggle with poorly dispersed ones so, as with many
other applications, sample preparation can be the limiting or
enabling step. The International Society for the Advancement of
Cytometry (ISAC) Cell Sorter Biosafety Standards were published
in 2014 by the ISAC Biosafety Committee [143], and related
information is readily available and is a highly recommended
reading before embarking on any series of cell sorting experiments
including:

1. The ISAC web site (http://isac-net.org) Resources for
Cytometrists — Biosafety

2. CYTO University (ISAC’s on-line portal for cytometry edu-
cation) http://cytou.peachnewmedia.com — Course: Flow
Cytometry Biosafety

3.1.6 Gating Strategies. Most real-world sort samples are a com-
plex mixture of cells in various states and contain varying amounts
of debris and dead cells; identifying and sorting the cells of interest
while excluding unwanted populations and debris is done by “gat-
ing” the sample using selected features and some number of graph-
ical gate regions combined with Boolean logic. This can become
complex in high dimensional experiments where it is now possi-
ble to sort cells based on over 30 dimensions on some instruments
(such as BD FACSymphony™). Any classical gating strategies used
to phenotypically identify the cells may not be the most effective
or even possible to use for the purposes of sorting, especially if
the number of gates is high or the population of interest is iden-
tified through a variety of clustering methods or a dimensionality
reduction technique such as tSNE [144] or UMAP [145]. Algo-
rithms such as GateFinder [146], Hypergate [147], and Hyper-
Finder [148] tackle this problem where analytical methods or
data projections are unavailable in the cell sorter by treating the
identified population of interest as a training set, and computa-
tionally determine an optimal feature set and gating strategy by
using data dimensions that do exist in hardware to sort the pop-
ulation. These algorithms objectively optimize feature selection
and gate efficacy by means of an F1 measure, the harmonic mean
of precision (purity) and recall (yield) at each gate step. Since
the real-time sort decisions within the sorter are done extremely
rapidly within onboard electronics, it is always desirable to find a
gating strategy that is efficient and uses as few gates as possible.
When population analysis and identification is by computational
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methods, then creating a set of optimal sort gates by means of an
appropriate optimizing algorithm becomes necessary.

3.1.7 Prevention of cell sedimentation. Long-term sorting often
leads to sedimentation of the cells. The sedimentation rate of cells
in a fluid depends on their physical properties such as density,
cell size, cell shape, viscosity of the surrounding medium, and
gravity [149]. In addition, the effective density of a cell is also
affected by its water content, and thus the sedimentation rate is
not a constant property for an individual cell type [149, 150].
Sedimentation of cells can be avoided by sh