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Introduction

BY JEREMY PETRAVICZ, PH.D., EDITOR, CURRENT PROTOCOLS

ew things in the world of flow cytometry can appear

more daunting to the novice user than the design of

immunophenotyping panels for use in their exper-
iments. A flow cytometry panel can be defined as a collec-
tion of fluorescent dyes and/or antibody markers designed
to identify the types of cells present in an experimental
sample. For example, if a researcher wants to distinguish
various types of immune cells that are activated in response
to a drug treatment, a panel can be designed to distinguish
major cell types such as T- or B-cells, NK cells or macro-
phages. With advances in flow cytometry such as spectral
flow cytometry and the wide range of fluorophores avail-
able to researchers, that same panel could be redesigned or
optimized to now identify subpopulations of cells or various
states of activation to increase the depth of information
acquired. However, the task of determining what markers
to employ and how to optimize them for detection of the
cell types of interest and in some cases their biological state
can seem overwhelming.

The creation of an optimized flow cytometry panel must
consider several factors during its formulation. Knowing
the biological question at hand and the cell types to be
tested, the type of equipment that will be employed (con-
ventional versus spectral flow cytometer), the properties
of the available fluorophores (full spectra, brightness), and
prevalence of individual cellular markers (high versus low
abundance) all factor into the design and optimization of
the panel. To aid researchers and demystify the process we
have assembled this article collection, along with online
resources, as a primer on effective immunophenotyping
panel design from conception to optimization.

Our initial two articles appeared in Current Protocols.
First, Ferrer-Font et al (2020) provides an overview and
step-by-step guide to the design processes and critical pa-
rameters to be considered during panel creation. While the
focus of the discussion is on panel design for spectral flow
cytometry, the principles outlined can be applied to conven-
tional flow cytometry as well. Following is Tembhare et al
(2017) describing a procedure for creating a panel to screen
samples for resident immunophenotypes and DNA-ploidy
identification simultaneously.

Our remaining articles each detail the construction and
validation of optimized multicolor immunofluorescence
panels (OMIPs) as published in the journal Cytometry Part A,
allowing the reader to see the principles of panel design in
action. We begin with Payne et al (2020) that describes a
28-color panel to screen lymphocyte subsets in human pe-
ripheral blood mononuclear cells. The panel was designed
to reduce repeated sample runs across multiple panels

down to one panel, but still have high immunophenotyping
resolution. Next, Hertoghs et al (2020) presents a 27-color
panel for identifying changes in immune cell populations
during an immunization and challenge regimen for malaria
vaccine development. Third, Ohne et al (2020) describes
a 14-color panel to identify the presence and activation
status of innate lymphoid cell (ILC) subsets from human
peripheral blood and tonsillar cells. Lastly, Nogimori et al
(2021) presents a 31-color panel to simultaneously immuno-
phenotype multiple cell populations including, but not lim-
ited to, T-cells, B-cells, NK cells and dendritic cells. This
panel was specifically designed to identify subpopulations
as well as allow for dynamic characterization of changes on
the individual to population level to these cell types.

By introducing readers to the process of panel design and
optimization underlying effective immunophenotyping by
flow cytometry, we hope to empower users to develop panels
that address their specific research or diagnostic goals.
For more information and resources for panel design, we
encourage you to visit the Thermo Fisher Scientific Flow
Cytometry Panel Builder website and explore the online
tools provided there.
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Technological advances in fluorescence flow cytometry and an ever-expanding
understanding of the complexity of the immune system have led to the develop-
ment of large (20+ parameters) flow cytometry panels. However, as panel com-
plexity and size increase, so does the difficulty involved in designing a high-
quality panel, accessing the instrumentation capable of accommodating large
numbers of parameters, and analyzing such high-dimensional data. A recent
advancement is spectral flow cytometry, which in contrast to conventional flow
cytometry distinguishes the full emission spectrum of each fluorophore across
all lasers, rather than identifying only the peak of emission. Fluorophores with
a similar emission maximum but distinct off-peak signatures can therefore be
accommodated within the same flow cytometry panel, allowing greater flexi-
bility in terms of panel design and fluorophore detection. Here, we highlight
the specific characteristics of spectral flow cytometry and aim to guide users
through the process of building, designing, and optimizing high-dimensional
spectral flow cytometry panels using a comprehensive step-by-step protocol.
Special considerations are also given for using highly overlapping dyes, and
a logical selection process for optimal marker-fluorophore assignment is pro-
vided. © 2020 by John Wiley & Sons, Inc.

Keywords: fluorescent antibodies e high-dimensional panel design
o immunophenotyping e optimization e spectral flow cytometry

Flow cytometry has rapidly evolved over the past few decades after being first introduced
as a one-laser system capable of measuring one fluorescence parameter in the late 1960s
(Dittrich & Gohde, 1969). In 1979, an improved dual-laser multi-parameter flow cytome-
ter was developed that could measure, quantify, and sort mammalian cells (Steinkamp,
Orlicky, & Crissman, 1979). Thereafter, multi-laser flow cytometers developed at a rapid
pace, with three lasers and 10 parameters by the late 1990s (Roederer et al., 1997), four
lasers and 19 parameters by 2004 (Perfetto, Chattopadhyay, & Roederer, 2004), and five
lasers most recently, which has allowed successful detection of 28 fluorescent parameters
(Brummelman et al., 2019).
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In parallel, the development of spectral flow cytometry began in 1979 (Wade, Rhyne,
Woodruff, Bloch, & Bartholomew, 1979) and saw significant developments in the 2000s
at Purdue University (Grégori et al., 2012; Robinson, Rajwa, Gregori, Jones, & Pat-
sekin, 2005), with many different prototypes being trialed (Nolan, Condello, Duggan,
Naivar, & Novo, 2013), before a commercial instrument was released by Sony in 2012
(Futamura et al., 2015). Whereas conventional flow cytometers record portions of the
light spectrum specific for the peak emission of each fluorophore using relevant optical
filters, spectral cytometers record small segments of light across the full emission pattern
of each molecule (Futamura et al., 2015; Schmutz, Valente, Cumano, & Novault, 2016).
Thus, dyes not designed for standard optical configurations or fluorophores that have
identical peaks of emission but different off-peak spectra can be efficiently differentiated
using the unmixing algorithms of spectral cytometry (Keenan, Timlin, Van Benthem, &
Haaland, 2002).

Most flow cytometers measure incident photons using photomultiplier tubes (PMTs),
which are costly, high-gain detectors whose quantum efficiency steeply declines after
650 nm. The recent use of avalanche photodiodes (APDs), which have a high quantum
efficiency ranging from 400 to 1100 nm, markedly improves performance in the red and
near-infrared ranges (Lawrence, Varadi, Entine, Podniesinski, & Wallace, 2008). The
sensitivity of APDs is comparable to that of PMTs over a broad spectral range at a sig-
nificantly lower cost. In 2017, Cytek Biosciences released the Aurora spectral flow cy-
tometer, which combines spectral flow cytometry with improved detection using APDs.
The base unit from Cytek offers three lasers (three lasers: 405, 488, and 640 nm) and 48
fluorescence channels that use dispersive optics to distribute the collected light across a
large detector array, thus allowing the full spectrum from each particle to be measured
(Nolan et al., 2013). Additional instrument configurations were later developed, incor-
porating a 561-nm yellow-green laser (released in 2018) and/or a 355-nm UV laser (five
lasers, released in 2019). The five-laser configuration consists of 64 fluorescent detec-
tors and currently expands the multiplexing capability to 40 fluorophores. Previous con-
straints on the design of high-dimensional flow cytometry panels, which arose from the
limited ability to combine and separately detect different fluorophores, have therefore
been replaced by limitations on the availability of dyes with distinct fluorescent spectra
(Robinson, 2019).

Although spectral flow cytometry has significantly increased the flexibility of fluorophore
selection and detection, considerations around panel design from conventional flow cy-
tometry still apply. These considerations include prior knowledge of the biology of the
assay, the instrumentation, the expression levels of the markers of interest, the bright-
ness of the selected fluorophores, and careful optimization of the antibody panel. This
Basic Protocol summarizes these points and outlines a number of specific considerations
for spectral flow cytometry. Furthermore, it features a simple step-by-step guide for suc-
cessful design and optimization of a high-dimensional spectral cytometry panel. This
protocol was built around the three-laser Aurora but can easily be adapted to any spectral
flow cytometer with other specifications. Although the design of spectral flow cytome-
try panels follows similar steps to those described for conventional flow cytometry (see
Current Protocols article; Ashhurst, Smith, & King, 2017; Brummelman et al., 2019),
important differences and additional considerations apply for spectral flow cytometry, as
described in this protocol (for an overview, see Fig. 1).

Step 1: Determine the experimental question

Determine the experimental question that you will address using spectral cytometry. Im-
portant metrics to consider are as follows:

* Which readouts are needed to test your hypothesis? Which readouts are more critical
than others (e.g., mean fluorescence intensity, counts...)?

Current Protocols in Cytometry



Step-by-step protocol for spectral cytometry panel design
?

Determine the experimental question
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Figure 1 Overview of a step-by-step protocol that illustrates the design of a high-dimensional
spectral flow cytometry panel.

* Which tissues will have to be analyzed? What limitations are associated with the tissue
(e.g., digestion, tissue stability, autofluorescence)?

* How will you need to process the samples to obtain the readout of interest (e.g., fixa-
tion, permeabilization, stimulation)?

Step 2: Design the panel

For proper panel design, it is imperative to know which markers are necessary to accu-
rately define the cell types of interest and which markers are important for the functional
readout needed to address the experimental question. To facilitate collection of this in-
formation, we suggest defining a cell identification table (Table 1) to do the following:

* Record the cell populations that need to be analyzed.
* Define the lineage markers that are required to identify the cells of interest.
* Highlight co-expressed markers.

The cell identification table allows us to visualize all the cells of interest for the new panel.
The antigens should then be listed in a second table, called an antigen identification table
(Table 2). Columns should be filled by following these steps:

a. Define if the markers to be used are for readout or lineage definition.

b. Decide on the clone to be used (based on previous experience or publications).

c. Note the expected antigen density (low, medium, or high), if known.

d. Record the availability of fluorophore-conjugated antibodies for each marker of in-
terest. Commercial websites as well as specialized search engines such as hftps:
//www.biocompare.com or https://www.fluorofinder.com are useful tools to interro-
gate. If a certain clone is only available with a few fluorophores, list these fluo-
rophores in the table. Otherwise, note it as “common” and add only unusual fluo-
rophores (e.g., APC-Cy5.5 or BV750).
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Table 1 Cell Identification Table

Cell type Lineage Co-expression phenotype

Basophils eYFP*t CD45" CD200R3* CD11b* CD90"

Macrophages CD45" CD64" CD11b™ CD11c* MHCII* CD206* CD301*
Ly6C*

Macrophages CD45%" CD64+ CD11b* Ly6Ch

(inflammatory)

Macrophages (dermal

resident)

Macrophages

(monocyte derived)

Dendritic cells

CD45% CD64* CD11b* Ly6C "
CD206" MHCII®

CD45* CD64* CD11b* Ly6C~"°
CD206~ MHCIT*

CD45% CD64~ CD11c¢t MHCITH

CD11b* CD206* CD301* Ly6C*

Neutrophils CD45% CD11b* Ly6G™ Ly6C+
Eosinophils CD45% CD11b* SiglecF+ SSCM Ly6C+
B cells CD45% CD19* MHCII*

CD4* T cells
CD8™ T cells

CD45% CD3" TCRB' NK1.1~ CD4*
CD45" CD3* TCRB™ NK1.1~ CD8*

CD90* TCRy$~ CD25%
CD90* TCRys~

DN T cells CD45% CD3* TCRB* NK1.1~ CD4~ CD90* TCRy$~
CD§"
v8 T cells CD45*" CD3* TCRys* TCRB~ CD90* TCRp~
DETCs CD45% CD3"" TCRy$8"™ TCRB~ TCRB™
CD9Ohi
NKT cells CD45% CD3* TCRB* NK1.1* CD90* CD8* CD4* CD11b* Ly6C*
NK cells CD45% CD3~ TCRB~ NK1.1* CD90* CDI11b* Ly6C*
Inflammatory CD45" CD64°+ CD11b+ Ly6Ch
monocytes
Mast cells CD45" CD200R3* CD117* CDI11b~ CD301°
ILC2 cells CD45% Lin~ CD90+ CD25"/* CD117%
Lineage (part 1) CD11b CD64 Ly6G CD11c MHCII
SiglecF CD19
Lineage (part 2) CD3 CD4 CD8 TCRpB TCRy$ CD200R3
Ly6C

Step 3: Define the fluorophores

Only dyes with unique spectral signatures should be used in the same panel. However,
dyes with similar spectral signatures can be used at the risk of introducing spreading error
(SE), which can be mitigated if they are used with markers that are not co-expressed.
The spectral signatures of many fluorophores have been extensively defined by Cytek
Biosciences for their one-, two-, three-, four-, and five-laser Auroras (https.//spectrum.
cytekbio.com/), and spectral signatures of additional fluorophores can be assessed using
other online fluorescence spectra viewers (e.g., from BD, BioLegend, Thermo Fisher,
Expedeon, or FluoroFinder) or by manually assessing the signature by acquiring single-
stained controls on the Aurora.

Although visual inspection of full-spectrum signatures is sometimes sufficient to evalu-
ate the uniqueness of a spectrum, when two spectra are similar, more advanced tools are
needed to assess the pair’s compatibility. As part of SpectroFlo™ v2.2 software (Cytek
Biosciences), a metric called the Similarity Index was developed. This index ranges from
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Table 2 Antigen Identification Table

Antigen Type Clone Antigen density Fluorophores available

1L-4 Readout Reporter Low to high AmCyan

IL-13 Readout Reporter Low to high dsRed

MCPTS Lineage Reporter High YFP

CD45 Lineage 30F11 High Common, APC-Cy5.5

CDo64 Lineage X54-5/7.1 Low Common

CDl11b Lineage M1/70 Low to very high Common, AF594, BV570,
BV750

Ly6C Lineage HK1.4 High Common, BV570

CD206 Lineage C068C2 High Common, AF594

CD301 Lineage LOM/14 Medium Common, AF594

CDl1l1c Lineage N418 Low Common, AF594, BV570,
BV750

MHCII Lineage M5/114.15.2 Very high Common, AF594, BV570,
BV750

Ly6G Lineage 1A8 High Common, AF594, BV570

SiglecF Lineage S17007L Medium APC, BV421, FITC, PE,
SB436, PE-Dazzle594

CD3e Lineage 145-2C11 Low to very high Common, PE-Cy5

TCRb Lineage H57-597 Medium Common, AF594, BV570,
PE-Cy5

CD4 Lineage RM4-5 High Common, BV570, BV750,
PE-Cy5

CD8a Lineage 53-6.7 High Common, BV570, BV750,
PE-Cy5

TCRgd Lineage GL3 High Common

CD90.2 Lineage 53-2.1 High Common, BV570, PE-Cy5

NK1.1 Lineage PK136 Medium Common, BV570, PE-Cy5

CD19 Lineage 6D5 Medium Common, AF594, BV570,
PE-Cy5

CD200R3 Lineage Bal3 Medium APC, PE, PerCP-Cy5.5

CD117 Lineage 2B8 High Common, PE-Cy5, BB700

CD25 Lineage PCé61 Low Common, BB515, AF594,

PE-Cy5

0 to 1. Two fluorophores that have totally distinct signatures will have a Similarity Index
close to 0 (for example, FITC and APC), whereas two signatures that highly overlap will
have a Similarity Index close to 1 (for example, PerCP-Cy5.5 and PerCP-eF710). Based
on experimental data, the cut-off to use dyes in combination has been set at a Similarity
Index of 0.98 (i.e., for FITC and BB515). Interestingly, with the addition of more lasers
and hence more channels, the full-spectrum signature of the same dye shows more data
points on a five-laser Aurora than on the three-laser model, so extra information is avail-
able to more accurately distinguish between similar spectral signatures. For example, the
Similarity Index between APC and AF647 decreases from 0.94 to 0.9 with the addition
of a 561-nm laser to the three-laser Aurora.
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Stain index
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Figure 2 Overview of brightness and spillover between fluorophores that can be used on the three-laser
Aurora spectral flow cytometer (Cytek Biosciences). (A) Stain Index (SI) of 53 commonly available dyes for the
three-laser Aurora. A higher Sl represents brighter fluorophores or lower background. (B) Cross-Stain Index
(CSI) matrix for 24 unique-signature fluorophores that can be used in combination on a three-laser Aurora.
Spillover is contributed by fluorophores listed in the rows, with spilling into the fluorophores listed in the columns
(for example, PE-CF594 spreads strongly into PE). Combinations depicted in red should be assigned to non-
co-expressed markers or used for dump or viability channels. Note that the Sl and the CSI matrix will vary
depending on the instrument and laser configuration and are shown here for the three-laser Aurora.

Once a panel of dyes is selected, another metric, called the Complexity Index, evaluates
the overall similarity for all spectra within that selection. The Complexity Index takes the
Similarity Index for each pair of dyes into account. The lower the Complexity Index, the
higher the chance of obtaining optimal results with a given combination of fluorophores.
For example, when selecting 10 different dyes for which the highest Similarity Index is
0.3, the Complexity Index would be 2.5. In contrast, if among these 10 dyes, the Simi-
larity Index reaches 0.98 for two of them, the Complexity Index would increase to 26.

Itis also critical to consider the brightness of the fluorophores when designing a panel. For
this purpose, the Stain Index (SI) of different fluorophores, measured using conjugated
antibodies with the same specificity, is a valuable metric (Fig. 2A). A commonly used
marker is anti-human CD4, as it is available conjugated to a great variety of commercially
available fluorophores. Ideally, the same clone should be used for this assessment, but
there are often limitations based on commercial availability.

Spread is another important consideration for fluorophore selection and will be discussed
in the next section. It is important to point out that with the addition of more lasers
and more channels, the ability to better distinguish two dyes with a similar spectrum

Current Protocols in Cytometry



Table 3 Panel Distribution Table for a Three-Laser Instrument”

nm Violet Fluorophore Marker | Cells ‘ Blue | Fluorophore Marker ‘ Cells | Red | Fluorophore Marker Cells
420 Vi
440 V2
460 V3
480 V4
510 V5 Bl
530 V6 B2
550 \ B3
570 V8 B4
590 V9 B5
610 V10 B6
(Continued)

Table 3 Panel Distribution Table for a Three-Laser Instrument®, continued

nm Violet Fluorophore Marker | Cells | Blue ‘ Fluorophore Marker | Cells ‘ Red | Fluorophore Marker Cells
660 Vi1 B7
680 Vi2 B8
700 Vi2 B9
720 Vi3 B10
740 Vi4 Bl
760 Vi4 B12
780 V15 B13
800 V16 Bl14

“This table can be used to predict the spread induced for co-expressed markers. As a general rule, the closer the emission peaks of two fluorophores are, the more spreading error and spillover will be observed between
them. The table is structured to represent all the detectors of a three-laser Aurora based on their wavelength detection range upon excitation by one of the three lasers. Each marker-fluorophore combination should be
assigned to the row corresponding to the emission peak of the fluorophore. The main cell types expressing the marker should be annotated. Co-expressed markers should never be close in the same column, in order to
avoid the emergence of spreading error. If possible, they should also not be in the same row, as dyes showing a broad excitation spectrum will tend to emit in the same wavelength after being excited by different lasers.
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signature will generally improve. However, this can also result in additional spread be-
ing introduced.

Step 4: Assign fluorophores to each marker

The most difficult task in multicolor panel design is to match the most appropriate
fluorophore with each marker of interest. Fluorophore brightness and availability, lev-
els of marker expression and marker co-expression, and spectral spillover have to be
considered. Always match the fluorophore brightness with antigen expression levels
by combining brighter fluorophores with weaker expression levels and vice versa.
The summary of SI values shown in Figure 2A provides a useful tool for fluorophore
classification. Co-expressed markers and markers selected for functional readouts
should be matched with fluorophores that receive minimal spread from other fluo-
rophores in the panel. An indication of the SE between fluorophores can be found on the
Cross-Stain Index (CSI) matrix in Figure 2B. Determining SE is crucial when building
high-dimensional fluorescence panels. Factors that contribute to the amount of SE from
a given fluorophore into another fluorescence detector have been well described (see
Current Protocols article; Ashhurst et al., 2017; Nguyen, Perfetto, Mahnke, Chattopad-
hyay, & Roederer, 2013). It is important to note that the CSI matrix is highly specific
to the instrument setup and the fluorophores used and needs to be modified if additional
or alternative fluorophores or another instrument is used. SI values and the CSI can be
found on the Cytek Biosciences website for each Aurora configuration (1 to 5 lasers;
https:// cytekbio.com/blogs/resources/tagged/data-sheets).

In order to facilitate the selection process, we suggest completing a panel distribution
table (Table 3) using the following step-by-step strategy:

a. Note fluorescent reporter genes first, as they have a predefined fluorescent signature.

b. Assign very rare markers to the only fluorophore options available (e.g., CXCRS5 to
PE).

c. Assign the most common markers to rare fluorophores that have distinct spectral
signatures in the panel (e.g., CD4 to BV750).

d. Assign the remaining markers to other fluorophores, considering their co-expression
and spread.

e. Unless nonviable cells are to be interrogated further, the viability dye can be se-
lected last, regardless of any spreading issues, due to the wide range of available
fluorophores.

Step 5: Review the theoretical panel design

In order to theoretically validate the panel before proceeding to practical testing, it is
advised to review the panel on a marker-by-marker and cell-by-cell basis with the help
of the annotated tables (Tables 1 and 2) by asking the following questions:

a. Are fluorophores that induce high amounts of spread allocated to non-co-expressed
markers?

b. Do the “readout” markers receive a minimal amount of spread?

c. Are fluorophore brightness and antigen expression levels well matched?

To address potential issues, markers that are available with multiple fluorophores can be
swapped out to see if spillover can be reduced. Additionally, fluorophores that create (but
do not receive) the most spillover can be designated to dump or viability channels.

COMMENTARY

Background Information tional cytometer (i.e., ranking antigens and

Panel design considerations for a spectral  matching fluorophore brightness with antigen
cytometer overlap heavily with good stan-  expression levels). However, spectral cytome-
dard practices for panel design for a conven- try provides greater flexibility in fluorophore
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selection as well as additional tools to help
with successful multi-parameter panel design,
which are further outlined below.

Instrument setup

On the Aurora, the “Cytek Assay Settings”
are designed to provide optimized gains for all
detectors. This optimization has been done in
order to provide the best resolution of most
known fluorophores on antibody-stained cells.
These gains are automatically adjusted after
each daily quality-control (QC) check based
on laser and detector performance relative to
an ideal value, which is defined by the de-
tection and optimal placement of proprietary
fluorescent beads against predetermined target
values. Due to use of APDs, output fluores-
cence intensity increases linearly with gain up
to the maximum value of 4 x 10°.

If the signal observed during testing is off
scale using the optimized “Cytek Assay Set-
tings,” it is generally better to titrate down the
antibody used than to modify the instrument
settings. However, for special circumstances
(such as fluorescent reporter-gene expression
or when saturating antibody titers are needed),
the gains can be adjusted to allow dim or bright
signals to be detected accurately. It is recom-
mended to adjust the gains by a fixed per-
centage for all the detectors of a specific laser
(SpectroFlo™ v2.0 and above) instead of ad-
justing the gains of individual detectors. It is
extremely important to note that changing the
gains of any detector will alter the spectral pro-
file of all the fluorophores. This generally im-
plies that the differences in spectral signatures
between fluorophores will decrease compared
to the optimized default gain setting. There-
fore, adjusting the gains away from the opti-
mized default setting to enable detection of a
specialized fluorophore might increase over-
all SE between other fluorophores and should
only be done if absolutely necessary. Single-
stained controls and all multi-stained samples
will need to be acquired using the same set-
tings, be it the “Cytek Assay Settings” or an
adjusted version.

Using spectral signatures

Fluorophores emit light over a range of
wavelengths, and in conventional flow cytom-
etry, optical filters are used to capture peak
fluorescence emission in a primary detector.
When the emission profiles of two or more
fluorophores overlap, the light emitted from
one fluorophore appears in a non-primary
detector (a detector intended for another
fluorophore). This is referred to as spillover.
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Single-stained controls must be acquired to
calculate the amount of spillover into each
of the non-primary detectors. In conventional
flow cytometry, spillover can be corrected
by using a mathematical calculation called
compensation.

In spectral cytometry, the full emission
spectrum of each single-stained sample can
be used to determine the contribution of each
fluorophore in a mixed sample using spectral
deconvolution (unmixing) algorithms in real
time or post-acquisition (see Current Protocols
article; Nolan & Condello, 2013). Here, the
key to differentiating various fluorophores is
distinct patterns or signatures across the full
spectrum. Because the system measures the
full range of emission (not only peak emis-
sion), two dyes with a similar emission maxi-
mum but different spectral signatures, such as
APC and AF647, can be distinguished from
each other (Fig. 3). It is a good practice to
compare actual fluorophore spectral signa-
tures obtained at the cytometer to the gold
standard shown in the Aurora Fluorochrome
Guide (https://cytekbio.com/blogs/resources/
tagged/data-sheets) to ensure fluorophore
identity and quality. Moreover, each labora-
tory can establish benchmark/gold-standard
full-spectrum signatures for the most com-
monly used fluorophores. In SpectroFlo™
v2.2, that benchmark is automatically used to
run QC on new controls by calculating the
Similarity Index between the benchmark and
the newly run control. The expectation is to
obtain high agreement between the two spec-
tra and hence a Similarity Index equal to or
close to 1.

Fluorophore brightness and Stain Index
(SI)

The SI is calculated using Equation 1 to
help determine the relative brightness of a flu-
orophore on a given instrument (Nguyen et al.,
2013):

g1 — MFlro, — MFlxey
~ SDpeg x 2

Equation 1

Here, MFlp,s and MFIye, are the MFI values
of the positive and negative populations, re-
spectively, and SDyeg is the standard deviation
of the negative population.

Absolute brightness depends on many at-
tributes, namely the intrinsic fluorescence
of the fluorophore, laser power, excitation
wavelength, optical filters, and detector type.
Therefore, the SI is heavily dependent on the
cytometer used and its specific setup.
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Figure 4 Brightness comparison of different fluorophores conjugated with anti-CD4 antibodies on human pe-
ripheral blood leukocytes. (A) Raw median fluorescence for antibody-positive (solid line) and antibody-negative
(dashed line) populations. Background noise (standard deviation of the negative population) (B) and the Stain
Index (SI) (C) were compared between 14 fluorophores detected on a three-laser Aurora (Cytek Biosciences)

or a five-laser Fortessa (BD). Fluorophores are

listed based on increasing Sl according to the Aurora data. The

median fluorescence measured on the Fortessa has been adjusted to match that measured on the three-laser

Aurora using optimized defaults.

An example of potential differences is
shown in Figure 4. We adjusted the mean
fluorescence intensity (MFI) values of com-
mon fluorophores on a conventional cytome-
ter to match those measured the Aurora us-
ing optimized defaults (Fig. 4A). This resulted
in increased background noise for the nega-
tive population on the conventional cytome-
ter (measured by the robust standard devia-
tion, or rSD; Fig. 4B). The rSD was smaller
on the Aurora in most channels and gener-
ally allowed better SI values (Fig. 4C). As
previously reported (Lawrence et al., 2008),
APDs perform better at wavelengths >650
nm, where the higher quantum efficiency con-
tributes to better signal-to-noise ratios than
for PMTs. This was also reflected in our
measurements, resulting in a higher SI for
dyes emitting in red and far-red channels
(Fig. 40).

Autofluorescence (AF)

AF is a natural characteristic of all cells,
whereby biological substances and structures
within the cell fluoresce. AF can be attributed
to biomolecules such as NADH, folic acid,
and retinol, which have emission maxima
in the range of 450 to 500 nm, and to ri-
boflavin, flavin coenzymes, and flavoproteins,
which have emission maxima in the range
of 520 to 540 nm (Monici, 2005). AF cre-
ates background that can impair the detec-
tion of dim markers emitting light at the same
wavelengths. In spectral flow cytometry, the
spectral profile of unstained cells can be col-
lected and treated as an independent parameter
(AF), which allows the AF signature to be ex-
tracted using the unmixing algorithm. Correct-
ing for autofluorescent signatures can improve
the signal-to-noise ratios (Fig. 5) and enables
clearer distinction of fluorophores that have
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Figure 5 Autofluorescence correction reduces the background signal of the negative population. Comparison
of autofluorescence (AF)-corrected (AF extracted) or uncorrected spleen (A) and gut (B) samples stained with
anti-Ly6C BV570. Correction of AF improves the positive-signal resolution by lowering the background of the

negative population with minimal effect on the positive signal.

been avoided in the past due to their peak emis-
sion in the AF range (e.g., AF532 and BV510).
Furthermore, AF correction can improve the
resolution of certain markers in highly autofiu-
orescent tissues such as the brain, lung, skin,
intestine, and tumors (Schmutz et al., 2016).

Critical Parameters

Antibody titration

Antibody titration is an absolute require-
ment for the development of a successful
high-dimensional spectral cytometry panel.
As with conventional flow cytometry, optimal
antibody titration is necessary to reduce the
amount of antibody used, reduce background
signal by minimizing nonspecific binding, and
compare samples accurately (see Current Pro-
tocols article; Hulspas, 2010). If a signal is
too bright, the best practice is to use an anti-
body conjugated to a dimmer fluorophore. If
this is not possible, it is better to titrate the
antibody down to reduce the spread created
in other channels (Mahnke & Roederer, 2007)
than to change the instrument settings. How-
ever, antibodies used to assess functional read-
outs should not be titrated below saturation, as
saturating concentrations are needed to avoid
variability and ensure accurate detection be-
tween samples (Cossarizza et al., 2017).
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Reporter genes

For accurate detection of fluorescent
reporter-gene expression, single-stained con-
trols should be derived from the reporter
system under experimental conditions that in-
duce the highest level of gene expression (e.g.,
stimulation), whereas all other single-stained
controls should be derived from wild-type
cells. Furthermore, fully stained wild-type
cells serve as the fluorescence minus one
(FMO) control for fully stained reporter-
gene samples. It is important to ensure that
fluorescent reporter-gene expression is on
scale; otherwise, the gains will need to be
adjusted. However, modifying the gains via
the “Cytek Assay Settings” will impact all
channels, resulting in suboptimal detection
of the remaining fluorophores. An extreme
example is shown in Figure 6, where dramati-
cally reduced gains in the red- and blue-laser
detectors resulted in distortion of the spectral
signature and a strong increase in SE.

Tandem dyes

Many available fluorophores are tandem or-
ganic or polymer dyes, in which excitation of
the donor fluorophore leads to emission by
the acceptor dye of the tandem pair (Johans-
son & Macey, 2014). The resulting spectral
profile is a hybrid between the excitation and
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Figure 6 Modification of the detection gains will affect the spectral signature of interest and re-
duce its separation relative to other fluorophores. Compensation beads were stained with BV786-
or APC-Cy7-conjugated antibodies, and their spectral profile was acquired on a three-laser Aurora
system using vendor-established gains (“Cytek Assay Settings”) (A) or after a 99% reduction of the
gains of all detectors associated with the red and blue lasers (B). (C) Unmixing was performed for
both datasets, and then single-stained bead preparations were acquired under default or reduced-
gain conditions. The 84th percentile of the APC-Cy?7 fluorescence detected on the BV786™ beads
after spillover compensation (a measure of the SE; Nguyen et al., 2013) is depicted on the dot
plots. Note that the width basis for data display needed to be further adjusted after gain reduction
to produce the single BUV786+ population.
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emission spectra of the two dyes. However,
spectral profiles of tandem dyes slowly de-
grade over time, differ in a lot-to-lot fashion
(due to changing acceptor/donor ratios), and
can also be affected by experimental condi-
tions, such as fixation and incubation at 37°C
(Johansson & Macey, 2014; Le Roy, Varin-
Blank, Ajchenbaum-Cymbalista, & Letestu,
2009; Tario & Wallace, 2014). Therefore,
single-stained controls need to use the same
antibody lot and must be treated in the same
manner as the experimental samples. New lots
of tandem dyes need to be re-titrated to ensure
consistent results.

Spreading error (SE)

SE is a large contributor to reduced sig-
nal resolution (Nguyen et al., 2013). To mini-
mize SE, only fluorophores with unique spec-
tral signatures should be selected. Although
spectral flow cytometry can distinguish be-
tween dyes that have a very similar signature
(Fig. 3), these fluorophores will introduce SE
and should not be used to detect co-expressed
markers. As in conventional flow cytometry,
SE is a direct function of fluorescence inten-
sity, and as such, panels should be designed
so that fluorophores that contribute the most
spread are paired with dimly expressed mark-
ers.

Dump channels

It is advisable to use fluorophores with
identical spectral signatures for dump chan-
nels. Therefore, use of tandem dyes should be
avoided. Fluorophores that produce SE (e.g.,
PerCP-Cy5.5) or fluorophores that emit in the
AF range (e.g., BV510, V500, or eFluor506)
are ideal candidates for use as dump-channel
dyes, as the SE created by the positive sig-
nal will be excluded from further analysis. SE
from other fluorophores into the dump channel
should be avoided, as cells of interest could ac-
cidentally be excluded. The same rationale can
also be applied for viability dye selection.

Spectral reference controls (SRCs)

SRCs are single-stained controls used for
establishing reference vectors to enable suc-
cessful linear unmixing to occur. SRCs should
always be as bright as or brighter than exper-
imental samples, ideally with a fluorescence
intensity above 5 x 10° but below 4 x 10°,
which is the maximum value of the linear
range of detection for Aurora spectral flow
cytometers. It is recommended to use single-
stained cells of a similar tissue as the experi-
mental sample as SRCs if the positive signal
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observed is bright enough and the population
of interest is not rare. It is essential to collect
enough total events for the software to clearly
distinguish the spectral fingerprint for both the
positive and the negative populations. As a
general rule, Cytek Biosciences recommends
acquisition of 5000 events for beads and 1000
events for cells; however, it is important to
have at least 500 events each in the positive
and negative gates. Certain conditions, such
as low antigen density or rare positive events,
might greatly benefit from use of compensa-
tion beads (see Current Protocols article; Ash-
hurst et al., 2017). Either compensation beads
or cells can be used as single-stained controls
in the same experiment as long as the cor-
rect internal negative control is used (e.g., un-
stained compensation beads or cells with sim-
ilar AF, respectively).

SRCs should also be treated the same way
as fully stained samples, as fixation steps or
pH variations can alter the spectral profiles of
some fluorophores (see Current Protocols ar-
ticle; Ashhurst et al., 2017). Such treatments
can also affect the fluorescent signature of
compensation beads. One example is use of
Brilliant Stain Buffer (BD), which is used
to decrease the interactions of the Brilliant
dyes among themselves and mitigate nonspe-
cific signals in multicolor samples. However,
this buffer also significantly alters the spec-
tral profile of some latex beads (e.g., Ultra-
Comp beads; see Fig. 7) and should be avoided
when staining them. Therefore, a good prac-
tice when using compensation beads is to com-
pare the spectral profile obtained with that of
cells stained with the same antibodies.

Unstained SRCs have to be acquired for
every experiment, and it is advised to use a
matched unstained control for unmixing each
individual tissue if multiple tissues are ana-
lyzed, especially if AF correction is applied
during the unmixing process.

The Aurora creates Raw and Unmixed FCS
3.1 files for each experiment. If an SRC did
not yield an ideal signature at the time of
recording the experiment (e.g., if the sig-
nal was not bright enough or did not in-
clude enough events), recorded data can be
re-unmixed within the SpectroFlo™ software
post-acquisition using different SRCs. Simi-
larly, samples can be re-unmixed with or with-
out AF extraction.

Once optimal SRCs have been defined for
a panel, they can be recorded for future use
in the reference library within the software.
When the controls are recorded within the
setup and QC module, the data defining the




BEADS
== With Brilliant Stain Buffer Plus
—=— Without Brilliant Stain Buffer Plus
300000
— 200000
w
=
100000 1
U SNy W =] 6 NOOTNO-—MNOTWNO~OMO oo N T WO~ @D
>>>>bb;>g;g;g;;gmmmmmmmmmggaaammzxImxm
Aurora 3L channels
FITC
1.01
0.8
fra
=
2 0.61
N
£ 044
o
=
0.21
0.0 -
FNOTODORODO TN ST OO N uy P~ DO N T — T W0~ W
>>>>>>>>b;>;;;;;mmm5m m%mamaaazgmmmmzm
Aurora 3L channels
APC
1.07
0.81
i
= 0.6
j:
E 0.41
z
0.21
00 TWNWO~ O (=] o OO = WD W0 vamm:::mc N MW~
>§g>>b>>g;§§;;§;mmmmmmmmmaaaaam&xmmmmm
Awurora 3L channels
BV480
1.07
0.8
e
s 0.61
3
£ 04
z
0.24
0.0 .
S N N S R P P EE  FE f T T T 111
P22 2 ESES5SS mODoo
Aurora 3L channels
Figure 7 Compensation beads need to be stained without Brilliant Stain Buffer Plus™ to allow
appropriate detection of single stains. UltraComp eBeads™ (Thermo Fisher) were stained either
with or without Brilliant Stain Buffer Plus™ (BD Biosciences). Examples for beads and the fluo-
rophores FITC, APC, and BV480 are shown.

Current Protocols in Cytometry




controls are normalized to the detector gains
and will be optimally adjusted during the daily
setup process. Reference-library SRCs should
be re-acquired after any system stability or QC
performance issues and after any instrument
maintenance. It is important to note that new
SRCs must be recorded for each new antibody
lot, as there is significant lot-to-lot variation
in fluorophore spectral profiles, particularly
for tandem dyes. Optimum reference-library
SRCs can be very convenient to use when
working with fluorescent proteins or when
positive controls are laborious to obtain.
These SRCs allow users to save a lot of
time when frequently working with the same
high-dimensional panels. The main risk of
this feature is that users tend to rely on it
too heavily, and they should be reminded to
regularly re-acquire their reference-library
SRCs. Indeed, outdated SRCs can lead to im-
proper unmixing, increased SE, and spillover,
resulting in poor resolution of populations or
incorrect readouts.

Troubleshooting

Panel optimization is an important step for
any multicolor panel design. One of the first
steps is to compare how antibodies behave in
combination to single-stained cells. By com-
paring the fluorescence intensity and SE of all
single-stained cells to those of fully stained
samples, one can easily assess whether the
combination of antibodies in the multicolor
panel decreases the resolution of a given fluo-
rophore by, for example, introducing spillover
or SE.

Analyzing an FMO control for each flu-
orophore in the panel is not required for
the panel optimization step. Only those fluo-
rophores creating spillover or SEs will require
an FMO control to help with panel QC. FMO
controls or good experimental controls (e.g.,
unstimulated cells or antigen-negative cells)
are needed to reliably and reproducibly define
the boundary between positive and negative
readout signals across different cell popula-
tions and experiments. They are necessary for
establishing gating boundaries between dimly
expressed antigens and background and are
an important tool for assessing panel perfor-
mance.

If a conflicting pair of antibodies has been
identified by assessing the single-stained cells
or FMO controls, alterations should be made
to the panel by changing the antibody concen-
tration or modifying the antibody-fluorophore
assignment. Small corrections to spillover can
be made by altering the compensation matrix
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within SpectroFlo™ or in a third-party soft-
ware of choice.

Understanding Results

As an example of how to accurately under-
stand results, we describe the design of a 25-
parameter panel, which includes use of triple-
reporter (YFP/AmCyan/DsRed) Basoph8 x
4CI13R mice with or without experimental
treatment. Each step of the protocol identified
in Figure 1 is described, and important consid-
erations are highlighted.

Experimental question

The aim was to understand which cell types
express [IL-4 and IL-13 in the skin in a MC903-
induced atopic dermatitis model using triple-
reporter Basoph8 x 4C13R mice (Pellefigues
et al., 2019). These mice express eYFP as a
specific marker for basophils and report ex-
pression of the type 2 cytokines IL-4 and IL-13
as AmCyan and dsRed, respectively. The ex-
perimental readouts were expression of 1L-4
(AmCyan) and IL-13 (dsRed) by the various
immune cells identified.

Our analysis focused on the skin, a highly
autofluorescent tissue requiring collagenase
digestion to obtain single-cell suspensions.
Prior analysis of splenocytes revealed that ex-
pression of certain epitopes (i.e., cKit, CD3,
CD4) was decreased by digestion; therefore,
bright fluorophores were needed to detect
these markers. Furthermore, preliminary ex-
periments revealed that reporter-fluorophore
stability was strongly affected by fixation and
permeabilization; therefore, only fresh cells
were assessed.

Biology

Different subsets of T cells (including
CD4%, CD8", 8, and dendritic epidermal
T cells, or DETCs), mast cells, basophils, type
2 innate lymphoid (ILC2) cells, eosinophils,
natural killer (NK) cells, natural killer T
(NKT) cells, monocytes, and neutrophils have
been shown to express IL-4 and/or IL-13 dur-
ing allergic inflammation (Bao & Reinhardt,
2015; Chen et al., 2014; Sun et al., 2018; Van-
tourout & Hayday, 2013; von Bubnoff et al.,
2010). To address whether these and other cell
types express IL-4 or IL-13 in the skin after
MC903 treatment, we wanted to quantify these
cell subsets and various macrophage subpop-
ulations, as they are known to be responsive
to type 2 cytokines. We listed the lineage-
defining phenotype of every cell subset of in-
terest in a cell identification table (Table 1)
and then listed all the antigens of choice in an




Table 4 Panel Distribution Table for a Five-Laser Instrument’

nm |355 -nm laser line |nm
370 370
390 390
iolet  [Fluor Marker (Cells
430 1 30
440 2 50
460 3 60
470 4 70
lue [Fluorophore [Marker (Cells
510 5 B1 10
520 6 B2 20
540 7 B3 40
580 8 B4 80
600 9 BS 00
(Continued)

Table 4 Panel Distribution Table for a Five-Laser Instrument”, continued

nm |355 -nm laser line Inm

615 10 6 15

0
660 11 IB7 60
680 B8 80
695 12 B9 95
720 13 B10 20
740 B11 40
750 14 B12 50
760 60
780 15 B13 80
810 16 B14 810

“This table can be used to predict the spread induced for co-expressed markers. As a general rule, the closer the emission peaks of two fluorophores are, the more spreading error and spillover will be observed between
them. The table is structured to represent all the detectors of a five-laser Aurora based on their wavelength detection range upon excitation by one of the five lasers. Each marker-fluorophore combination should be
assigned to the row corresponding to the emission peak of the fluorophore. The main cell types expressing the marker should be annotated. Co-expressed markers should never be close in the same column, in order to
avoid the emergence of spreading error. If possible, they should also not be in the same row, as dyes showing a broad excitation spectrum will tend to emit in the same wavelength after being excited by different lasers.
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Table 5 Completed Panel Distribution Table for a 25-Color Panel to Detect Type 2 Cytokine Expression by Skin Immune Cells®

nm ‘ Violet ‘ Dye ‘ Marker ‘ Cells ‘ Dilution ‘ Blue ‘ Dye ‘ Marker ‘ Cells ‘ Dilution ‘ Red ‘ Dye ‘ Marker ‘ Cells ‘ Dilution
420 Vi BVv421 SiglecF | Eosinophils 100
440 V2
460 V3 Pacific MHCII DCs MACs 10,000
Blue
480 V4
510 V5 Bl BB515 CD25 Lymphoids 100
530 V6 B2
550 v7 BV510 CD8a CD8+4 T cells | 200 B3
570 V8 BV570 CDl11b Myeloids 100 B4 PE CD301 M2/DCs 100
590 V9 B5
610 V10 BV605 TCRb CD4+4-/CD8+ | 100 B6 PE-Dazzle 594 | CD64 MACs 100
T cells
(Continued)

Table 5 Completed Panel Distribution Table for a 25-Color Panel to Detect Type 2 Cytokine Expression by Skin Immune Cells®, continued

nm ‘ Violet ‘ Dye ‘ Marker ‘ Cells ‘ Dilution ‘ Blue ‘ Dye ‘ Marker ‘ Cells ‘ Dilution ‘ Red ‘ Dye ‘ Marker ‘ Cells ‘ Dilution

680 V12 B8 R2

700 Vi2 B9

720 V13 BV711 Ly6G Neutrophils B10 PerCP-eF710 | TCRgd gd T cells 2000 R4 AF700 Ly6C Monocytes | 400

740 Vi4 Bl1 RS

780 V15 BV786 CDllc DCs MACs B12 R6 Zombie Dead Dead 2000 in PBS
NIR

800 V16 B14 PE-Cy7 CD90.2 Lymphoids 2000 R8 APC-CH7 | CDI19 B cells 100

“Following the rules described in the Basic Protocol, the table was first filled with reporters (red) and then with essential or rare markers (orange), followed by different lineage markers of rare (yellow), intermediate
(blue), or common (white) availability.
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antigen identification table (Table 2) to anno-
tate the associated cell subsets, clones, read-
out characteristics, antigen density, and fluo-
rophore availability.

Instrument and spectral signatures

A three-laser Cytek Aurora was used for
this experiment. By using online fluorescence
spectra viewers, we were able to identify
25 fluorophores with distinct signatures that
could be used in the panel.

Assignment of markers to fluorophores
We sequentially assigned fluorophores to
the markers of interest in a panel distribution
table (such as Table 3, or Table 4 if a five-
laser Aurora were to be used). A completed
panel distribution table can be found in Table
5, where the main steps of the fluorophore as-
signment sequence have been color coded.
Our primary readouts of interest were 1L-4
(AmCyan) and IL-13 (dsRed) expression by
different cell types. All of our cell types of
interest expressed CD45, as they were leuko-
cytes, so it was important to have a bright
CDA45 signal that did not spread in our read-
out channels. We chose APC-Cy5.5 because
of its unique spectral signature and the rarity of
this dye on the market. Similarly, we expected
CD4*1 CD3* Th2 cells to be a major source of
both IL-4 and IL-13. CD4 expression is quite
selective and relatively high, so we assigned
it to a less common fluorophore that creates
and receives some spread (BV750). CD3 ex-
pression is very heterogeneous in the skin: af
T cells show low expression after digestion,
whereas DETCs show very high expression.
We needed a dye bright enough to be able
to detect the CD3'°% population and to gate
on CD3~ cells while keeping CD3" cells on
scale. Here, we chose PE-Cy5, which is mod-
erately bright on the three-laser Cytek Aurora.
The commercial availability of anti-
CD200R3 antibodies is sparse, and we were
limited to either APC or PE. As basophils and
mast cells express CD200R3 and can express
IL-13, we chose APC for our panel so as
not to create any spread in the IL-13 dsRed
channel. We knew from the literature that cKit
is strongly expressed by mast cells (Roediger
et al., 2013), but preliminary testing showed
that its expression was decreased upon di-
gestion. We therefore assigned it to a bright
marker (BB700) in order to have resilient
identification of mast cells in our panel.
CD90.2 is strongly expressed in lymphoid
cells. However, as the main positive lineage
marker for ILC2 cells, it needed to have a very

bright fluorophore that did not receive much
spread from other channels. We chose to as-
sign it to PE-Cy7. The other T-cell markers are
well defined and semi-exclusive and could be
assigned later, away from AmCyan or dsRed.

We also wanted to analyze the different
macrophage subsets in the skin, which are not
known to express type 2 cytokines. The ex-
pression of CD64 can be dim, so we chose to
assign it to PE-Dazzle594, a very bright fluo-
rophore. Macrophages also express CD11b at
high levels, but it is also expressed by many
other cell types at lower levels. However, only
high expression of CD11b is lineage defining
in our panel, so we chose to assign it to the dim
BV570. Macrophages in the dermis are also
known to express CD11c, which is a key lin-
eage marker for dendritic cells. We assigned it
to a bright dye (BV786), far from any interfer-
ence with other macrophage markers.

Similarly, CD206 and CD301 expression
defines type 2 subsets of macrophages and
dendritic cells in the skin, but these markers
are not expressed by other cells. We assigned
them to AF647 and PE, based on availabil-
ity. MHCII expression is critical to identify
dendritic cells and is highly expressed. We as-
signed it to Pacific Blue, a dim marker. Ly6C
expression is very high on inflammatory
macrophages and monocytes, so it was as-
signed to AF700, far from other macrophage
or monocyte markers.

More general markers, such as lineage-
defining markers for eosinophils, neutrophils,
NK cells, and B cells (SiglecF, Ly6G, NK1.1,
CD19), were assigned to the remaining avail-
able fluorophores (BV421, BV711, BV650,
and APC-H7, respectively). As these cell types
could potentially express IL-4 and IL-13, they
were assigned to fluorophores that were spec-
trally different from AmCyan and dsRed.

Other T-cell markers were then assigned
based on availability (TCRf BV605, TCRy3
PerCP-eF710, and CD8 BV510). Among one
of the last markers to be assigned was CD25; it
is dimly expressed on T cells and was thus as-
signed to BB515. Finally, the viability dye was
assigned to Zombie NIR, based on the few free
channels still available.

Panel review

Several pairs of dyes used in this panel
are impacted by significant SE between them
(such as AF647/APC and BBS515/YFP).
However, this effect was mitigated by assign-
ing these fluorophores to non-co-expressed
markers (e.g., CD206 and CD200R3 for
AF647 and APC, respectively). Other difficult
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Figure 8 Gating strategy for the full 25-parameter staining panel for MC903-treated ear skin. CD45* leuko-
cytes and YFP™ basophils were gated from live single cells. CD64" CD11b* macrophages comprised a Ly6C*
inflammatory subset and two Ly6C'° subsets, MHCII" or CD206". From the CD64" population, neutrophils
were identified as CD11b™ Ly6G™. In the Ly6G~ population, dendritic cells were defined as MHCIIT CD11c™.
Eosinophils were gated as SiglecF* SSC" cells from the CD11c" subset, as were CD19+ B cells. Within the
Ly6G~ CD11c" SiglecF~ CD19~ population, TCR* CD3* T cells and CD3+ TCRB~ T cells were identified. af T
cells included NK1.1* NKT cells, CD8" T cells, CD4* T cells, and CD4~ CD8~ double-negative (DN) T cells. The
CD4* subset further contained a population of CD25" T cells. The TCRB~ population could be divided into two
subsets of y8T cells, including a CD3/CD90.2/ysTCR'" dendritic epidermal T-cell (DETC) population. CD3~
subsets were gated as NK1.1* NK cells, CD11b* Ly6C* inflammatory monocytes, CD11b~ Ly6C~ CD117*
CD200R3* mast cells, or lineage™ CD90.2" CD25* ILC2 cells. The expression of IL-4 and IL-13 by relevant
immune cells was separately analyzed.

combinations included PE/dsRed/PE-Dazzle
594,  PE-Cy5/BB700/PerCP-eF710, and
BV605/BV650/PE-Cy5, as the markers used
with these combinations of fluorophores were
known to be co-expressed on certain cell
types. We took note of these particular fluo-
rophore combinations and investigated their
separation during the panel-testing phase.

Panel testing and optimization

Testing the panel on unstimulated ear skin
revealed that all the populations could be re-
solved adequately by expert gating (Fig. 8).
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Our main readouts were expression of IL-4
(AmCyan) and IL-13 (dsRed) by the main skin
leukocytes. In order to analyze the fluores-
cence of these reporters, Basoph8 x C57BL/6
samples were used as FMO-control groups to
define the IL-4 and IL-13 expression bound-
ary independently on each cell population us-
ing quadrant gates (Fig. 9).

However, during experimental inflam-
mation of the skin, IL-4 expression on
some macrophages was detected, creating
SEs between IL-4 (AmCyan) and MHCII
(Pacific Blue). We therefore reduced the
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Figure 9 Expression of type 2 cytokines by skin leukocytes. Basoph8 x 4C13R or Basoph8 x C57BL/6
mice were treated for 10 days with topical MC903. Ear-skin leukocytes were analyzed for their expression
of the readout markers IL-4 (AmCyan) and IL-13 (dsRed). Quadrant gates were defined independently for
each population as positivity <0.1% by using treated Basoph8 x C57BL/6 samples as fluorescence-minus-
one samples.
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Figure 10 Spreading error of MHCII-Pacific Blue in the AmCyan channel. Analysis of MC903-treated wild-
type (WT) ear skin revealed that the high expression of MHCII by CD45" CD64t CD11b* macrophages was
impeding detection of IL-4-AmCyan in the reporter mouse. Reducing the concentration of the anti-MHCII-Pacific
Blue antibody from a 1:2000 dilution (left panel) to a 1:10,000 dilution (right panel) did improve detection of IL-4
by reducing the spreading error of Pacific Blue into the AmCyan channel.

concentration of MHCII-Pacific Blue from  Itis therefore advisable to develop certain key
1:2000 to 1:10,000. This change considerably panels that can be applied to several experi-
improved the resolution of IL-4 expression on mental questions and models. The following
macrophages, without impairing our ability is a typical timeline:

to detect other MHCII* cell types, such as

dendritic cells (Fig. 10). * Week 1: Panel design and antibody order-

ing.

Time Considerations * Week 2: Antibody titrations, acquisition
Designing, validating, and analyzing high-  of single-stained cells and FMO controls (if

dimensional spectral flow cytometry panels  needed), and panel review.

takes significantly more time than running the * Week 3: Second or third iteration of the

actual experiment. It can take between 2 weeks ~ panel if changes in fluorophore(s) or titer(s)

and 1 month to design a well-optimized panel. ~ have to be made.
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Method for DNA Ploidy Analysis Along UNIT 6.38
with Immunophenotyping for Rare
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The clinical use of flow cytometric DNA ploidy assay has been extended to-
wards stratifying the risk of diseases, such as monoclonal gammopathies or B
cell acute lymphoblastic leukemia, and to detect circulating tumor cells, both
of which require detection of minute cell populations. This unit describes a
protocol for determining DNA ploidy in fixed samples with simultaneous sur-
face immunophenotyping. It is an easy method for simultaneous 6- to 8-color
immunophenotyping and DNA content analysis using FxCycle Violet (FCV;
DAPI) dye. This protocol is a one-step modification of routine multicolor im-
munophenotyping that includes surface staining followed by fixation and then
DNA staining with FCV. It utilizes mature lymphocytes from the sample as
an internal control for determination of DNA index. It is a sensitive method
that allows DNA-ploidy determination and cell cycle analysis in a rare tu-
mor population as low as 100 events, as well as DNA ploidy determination
in various subsets of hematopoietic cells in the same sample based on their
immunophenotype. © 2017 by John Wiley & Sons, Inc.

Keywords: DNA ploidy ¢ FxCycle Violet « DAPI o flow cytometry o 6- to
8-color immunophenotyping

SIGNIFICANCE STATEMENT

Current literature describes several methods for flow cytometric DNA ploidy analysis
including those for simultaneous evaluation of surface immunophenotyping and DNA
content analysis. However, these methods are either technically complicated (involve
multiple steps), time-consuming (need prolong incubation), difficult to reproduce or
limited to only 2- to 3-color immunophenotyping. Six to eight color immunophenotyping
allows adequate separation of various subsets of different cell lineages (e.g., T cells,
B cells, stem cells, granulocytes, etc.), as well as identify tumor cells (even a rare
population) in the background rich in its normal counterpart and other hematopoietic
cells. The present protocol describes a very simple and easy method of simultaneous 6-
to 8-color immunophenotyping and DNA ploidy determination using FxCycle Violet, a
dye excited with a violet laser.
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BASIC
PROTOCOL

Flow cytometric (FC) DNA content (DNA ploidy) determination is an easy and rapid
method to study DNA content and to estimate proportion of cells present in different
phases of the cell cycle. It is widely used in the research, as well as in the clinical
management of many solid tumors and hematolymphoid malignancies (Vago, 1995;
Yuan et al., 2004; Darzynkiewicz, 2010a).Many methods are described to determine
DNA ploidy and cell cycle analysis in the samples containing relatively large number of
tumor cells (Darzynkiewicz, 2010b). However, it is challenging to evaluate DNA ploidy
or cell cycle analysis in samples with minimal tumor involvement having a minute or rare
tumor population in the background rich in normal cells from different lineages [e.g.,
clonal plasma cells in bone marrow aspirate (BM) of monoclonal gammopathies (MGs)
or, minimal residual disease (MRD) in BM or circulating tumor cells in peripheral
blood]. In samples like bone marrow aspirate, peripheral blood or body fluids with
minimal involvement, the tumor cells are very few and other normal or reactive cells are
present in the large number. In these situations, simultaneous evaluation of multicolor
immunophenotyping and DNA ploidy assessment is the best way to adequately identify
and separate the tumor cells with characteristic immunophenotype using four or more
markers (=4-color) and then to determine its DNA ploidy.

In this unit, we describe an easy method for simultaneous 6- to 8-color immunophenotyp-
ing and DNA ploidy analysis using a novel dye “FxCycle Violet” (FCV) from Invitrogen
(cat. no. F10347; http://www.lifetechnologies.com/order/catalog/product/F10347). FCV
(another name = DAPI: 4/, 6-diamidino-2-phenylindole, dihydrochloride) is a DNA se-
lective dye that is excited with a 405/407-nm laser (violet laser) with emission collected
in the 450/50 BP filter or equivalent. FCV preferentially stains double-stranded DNA
(Kapuscinski and Skoczylas, 1978); it appears to be associated with AT clusters in the
minor groove (Kubista et al., 1987). Thus, using this dye, the spectrum for colors excited
with a blue and red laser is spared for simultaneous surface immunophenotyping up to
eight markers. The use of six to eight markers along with DNA staining easily isolates
small tumor cell population within the background of its normal counterpart, as well
as other hematopoietic cells. In this method, the methodology routinely used for sur-
face marker staining for immunophenotyping is used with an additional step of sample
incubation with FCV after fixation. Hence, this method does not affect the results of
surface immunophenotyping. Thus, this method is very easy and simple to perform 6- to
8-color surface immunophenotyping (antibodies conjugated with fluorochromes excited
with ablue and red laser) along with DNA ploidy analysis in hematolymphoid neoplasms
(Tembhare et al., 2016). Moreover, use of 6- to 8-color immunophenotyping allows dif-
ferentiation of rare tumor cell population co-existing with its normal counterpart like
BCPALL MRD with hematogones or clonal plasma cells with normal plasma cells and
ploidy can be analyzed in this rare cell population.

Briefly, in this protocol, the cells are processed for surface markers using routine method
for immunophenotyping and then cells are fixed for 15 min followed by FCV/DAPI
staining for 30 min. Then, the intensity of cellular fluorescence is measured by a flow
cytometer with violet laser and data are analyzed using any flow cytometry software.

Materials

Sample to be processed: Any unfixed sample like peripheral blood (PB), bone
marrow aspirate (BM), fine needle aspirate (FNA), body fluids within 24 to
48 hr of collection can be processed for the DNA-ploidy using this method (this
protocol has been standardized using EDTA anticoagulated bone marrow aspirate
and peripheral blood samples)

Red cell lysing reagent (see recipe)

Phosphate buffer saline (PBS) solution with 0.5% albumin (PBS-A; see recipe)
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Table 6.38.1 Details for Antibodies Used for B cell Precursor Acute Lymphoblastic Leukemia (B-ALL) and Multiple
Myeloma (MM)“

ECD/PE- APC-Alexa APC-Alexa
Fluorochrome FITC PE CF59%4 PC5.5 PC7 APC Fluor 700 Fluor 750

B cell precursor acute lymphoblastic leukemia antibody and DNA ploidy panel

Antibody/ reagent FxCycleViolet CD58 CD86 CD25 CD34 CD10 CD19 CD45 CD38
Catalog number  F_10347 IM1218U 555658 562 403 347203  A46527 IM2470 A71117 A86049
Clone AICD58 2331(FUN-1) M-A251 8GI2 ALBI J3-119 J.33 LS198-4-3
Isotype control 1gG2a 1gGl1 1gGl1 1gGl1 IgG1 IgG1 IgG1 1gGl1
Company Invitrogen BC BD BD BD BC BC BC BC

Multiple Myeloma and DNA ploidy panel

Antibody/ reagent FxCycle Violet x CD81 CD19 CD27 CD56 CD138 CD45 CD38
Catalog number ~ F_10347 X IM2579 A07770 B21444 A 51078 AB7787 AT1117 A86049
Clone X X JS64 J3-119 1A4CD27 N90I (HLD-A6) B-A38 J.33 LS198-4-3
Isotype control X X M IgGl M IgGl MIgGl MIgGl MIgGl M IgGl M IgGl
Company Invitrogen X BC BC BC BC BC BC BC

4 Abbreviations: BC, Beckman Coulter; BD, BD Biosciences.

Antibodies: Antibodies conjugated with fluorochromes that can be excited with
blue and red laser depending upon the instrument; antibodies conjugated with
fluorochromes excited with violet laser should be avoided due to significant
spectral overlap with FCV (see Table 6.38.1 for details on the antibodies used)

Medium-A of Fix and Perm kit (Invitrogen, cat. no. GAS002S100)

Reconstituted FCV (see recipe)

Instrument quality control beads and set up beads: CS&T Beads (Becton Dickinson,
cat. no. 642412), flowcheck beads (BC instrument, cat. no. A63493), and SPHERO
Rainbow Calibration Particles (Spherotech, cat. no. RCP-30-5A)

12 x 75-mm polystyrene tubes

15-ml polypropylene tubes (Tarsons, cat. no. 546021)

Centrifuge

Pipets

Vortex

Neubauer chamber

Flow cytometer equipped with a 405-nm violet laser, 488-nm argon-ion lasers, and
a 635-nm red laser, as a fluorescence excitation source like FACS Canto-II (BD),
Navios (BC): this protocol has been used on both the instruments.

Flow cytometry analysis software: e.g., Kaluza, version 1.3 (Beckman Coulter)

Cell preparation, staining, and acquisition
This protocol uses red cell lysis followed by antibody staining and washing technique,
which is commonly used for immunophenotyping.

Red cell lysis
Red cell lysis is performed using NH4Cl-based RBC lysing reagent as per the procedure

described below.

1. Aspirate 400 .l of sample into a 12 x75—mm polystyrene tube (falcon tube or equiv-
alent). For the rare event studies, aspirate 1 ml of sample into a 15-ml polypropylene
centrifuge tube.
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2. Add 4 ml red cell lysing reagent to the sample (sample to lysing reagent ratio: 1:10).
For the rare event studies, add 10 ml RBC lysing reagent and mix well by gentle
vortexing. Incubate the mixture of sample and lysing solution for 7 min at room
temperature.

3. Centrifuge the sample for 2 min at 540 x g, room temperature, and then discard the
supernatant by inverting the tube or using a pipet without disturbing the pellet.

Perform washes

4. Break the pellet by tapping the tube or by vortexing for 5 to 10 sec. Add 3 ml of
PBS-A and mix well by gentle vortexing. Centrifuge it for 2 min at 540 x g, room
temperature, and then discard the supernatant by inverting the tube or using a pipet
without disturbing the pellet.

5. Repeat the wash procedure one more time and discard the supernatant.

Cells suspension and counting

6. Add 2 ml PBS-A to the pellet and mix well by gentle vortexing. Count the cells
on a Neubauer chamber. Adjust the cell counts to get a cell concentration of 1 to 2
million cells per 50 pl.

Surface staining for immunophenotyping

Surface staining is done using the antibody panel to isolate a rare population of interest
as per assay or experiment. This protocol describes the procedure for staining for plasma
cells of plasma cell neoplasms.

7. Label a new 5-ml falcon or equivalent tube with proper identifier. Add appropriate
volume of cell surface antibody cocktails/individual antibodies as determined by
titration as described in uniT 6.29 (Hulspas, 2010).

8. Pipet 50 wl of cell suspension prepared in step 6 in this new tube with antibody
cocktail and mix gently. Incubate for 20 min at room temperature protected from
light. Vortex the tube for 5 to 10 sec to resuspend the cells.

9. Wash the cells by adding 2 ml PBS-A and mixing gently. Centrifuge for 2 min at
540 x g, room temperature, and discard the supernatant by inverting the tube or
using a pipet without disturbing the pellet.

Fixation
10. Break the pellet by tapping the tube gently. Add 100 wl Medium-A of Fix & Perm
kit and incubate it for 15 min at room temperature protected from light.

11. Wash the cells by adding 2 ml PBS-A and mixing gently. Centrifuge for 2 min at
540 x g, room temperature, and discard the supernatant by inverting the tube or
using a pipet without disturbing the pellet.

FxCycle Violet (FCV) staining

12. Resuspend the above-stained cells in 500 nl PBS-A and vortex for 5 to 10 sec.
Improper vortexing can result in partial staining of cells with FCV.

13. Add 5 pl of reconstituted FCV and then incubate it for 30 min at room temperature
protected from light.

NOTE: Do not wash the cells after staining with FCV.

14. Now the sample is ready for acquisition.
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Cell fluorescence acquisition

Perform instrument quality measurement tests as per laboratory procedure or the manu-
facturer’s guidelines. Optimize the instrument by running routine calibration microbeads.
For FACS Canto-II (BD Biosciences): perform daily quality control measures using CS
& T beads, as per the manufacturer’s recommendations. For Navios (Beckman Coulter,
BC): perform daily quality control measures using flow check beads as per the man-
ufacturer’s recommendations and check linearity using SPHERO Rainbow Calibration
Particles. The steps for creating an acquisition protocol are described here with an exam-
ple in a sample of multiple myeloma (MM). One can prepare a similar protocol for any
hematolymphoid neoplasms.

NOTE: In the Navios instrument, “Area” is indicated by “Integral,” "Height" is by “Peak”
and “Width is by “Time of light (TOF).”

15. Create an acquisition experiment using normal peripheral blood sample as shown in
Figure 6.38.1.

16. FCV is excited with a 405/407-nm laser (violet laser) and emission collected in the
450/50 BP filter or equivalent (FL-9 channel). Hence, set up the FL-9 (in case of
Navios) or FL-7 (in case of FacsCanto II) with a linear scale for area, height, and
width.

17. Adjust the compensation for all parameters (FL1 to FL10) as per the standard
laboratory procedure.

18. Take a SSC-height linear versus FSC-height linear bivariate plot and adjust the PMT
voltages to ensure that all cells are being acquired, and to eliminate unnecessary
acquisition of debris (Fig. 6.38.11).

19. Create a bivariate plot of CD45 versus side scatter-linear. Gate the mature lympho-
cytes (CD45 bright and low side scatter) with “CD45Lym” gate(Fig. 6.38.1ii).

20. Take bivariate plots for the assessment of expression pattern of various markers used
for immunophenotyping of various cell populations including tumor or target cells.
For the remaining FL1-FL8 parameters, acquire events in log scale as per standard
surface staining procedure (Fig. 6.38.1iii to vi). Gate the tumor cells (Fig. 6.38.1
shows plasma cells in a BM sample of multiple myeloma) using expression pattern
of relevant markers.

21. Create a “CD45Lym” gated histogram FL-9 with a linear scale for area to illustrate
relative DNA content. For Navios, adjust the voltages for FL9 to get normal GO-G1
peak between channel numbers 300-350 (Fig. 6.38.1vii) and for FACS Canto-II,
adjust the voltages for FL7 to get a normal GO-G1 peak at about the 50th channel
of a 256-channel scale on FL.7-Area linear scale.

22. Create a “tumor cell or cells of interest” gated (e.g., “plasma cells” gated) histogram
with FL-9-Area in linear scale to illustrate relative DNA content (Fig. 6.38.1viii).

23. Acquire preferably 500 events (minimum of 100 events) tumor (target) cells and
a minimum 200 mature lymphocytes with the acquisition software available with
a flow cytometer. Use low flow rate for acquisition (approximately 100 to 200
events/second).

Analysis of DNA ploidy and surface staining

DNA ploidy and surface staining analysis can be performed with any software used for
flow cytometric data analysis. For example, Kaluza software (Beckman Coulter), Diva
(BD), Flow Jo, FCS Express, etc. Gating approach for DNA ploidy and surface staining
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Figure 6.38.1 Demonstrates the acquisition protocol for multi-color immunophenotyping and
DNA ploidy assessment using FxCycle Violet (FCV) with an example of bone marrow sample
involved by multiple myeloma. Bivariate plot-i showed gating of viable cells of all ungated events
with “VIABILITY” gate that was further applied on bivariate plots “ii, iii, iv, v, vi”. In bivariate plot
ii, the mature lymphocytes were gated (CD45Lym-gate) using strong CD45 expression and low
side scatter property. Plots “ii, iii, iv, v, and vi’ revealed the expression of various surface markers
used in this panel i.e. CD45, CD38, CD138, CD19, and CD27. Based on the expression pattern
of these markers, tumor cells (in this example “plasma cells”) were gated in the plot iv. Histograms
“vii, viii, and ix” showed FCV staining in mature lymphocytes, tumor cells i.e. plasma cells and all
viable cells demonstrating their GO/G1 phase, S-phase, and G2 phase peaks.
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analysis is described in Figure 6.38.2 using an example of DNA-ploidy analysis in the
bone marrow aspirate sample of MM.

24. Take a bivariate-plot side scatter-linear versus forward scatter-linear (Fig. 6.38.2,
bivariate-plot “a”). Draw a “Viability” gate in this bivariate plot to exclude the
debris and apoptotic cells. Draw another mononuclear cell “MNC” gate to exclude
the granulocytes from the analysis as the hematolymphoid tumor cells typically fall
in the mononuclear cell region.

25. Create “Viability” gated FL9-FCV-Height versus FL9-FCV-Area density-plot
(Fig. 6.38.2, density-plot “b”) and exclude the doublets carefully using a “FCV
A-H singlets” gate. It is important to extend the gate on left lower side to include
the events up to channel number 100 channel less than that of “GO/G1” cluster
of lymphocytes (which was set at channel number 300) and to include events G2
region.

26. Create “FCV A-H singlets” gated three to four bivariate plots displaying cell phe-
notype with markers (Fig. 6.38.2, bivariate plot “c, d, e, £’) used in the panel. Based
on the strong expression of CD45 and low side scatter, create a “CD45Lym” gate to
select mature lymphocytes (Fig. 6.38.2, bivariate plot “d”, gate “45Lym”). Similarly,
based on the expression pattern of the surface of markers used in the panel, identify
the tumor cells or cells of interest. In this example, MM, cells of interest to tumor
cells, are plasma cells gated based on the strong CD38 and CD138expression, het-
erogeneous expression of CD27, weak expression of CD45 and negative expression
of CD19 (Fig. 6.38.2, bivariate plot “e”, gate “FCV PCs”) present in the sample.

27. Analyze the cell cycle phases of mature lymphocytes and tumor cells or cells of
interest and create two histograms with FCV-Area on the x-axis, first gated with
mature lymphocytes (Fig. 6.38.2, histogram “g”) and the second gated with tumor
cells (e.g., FCV PCs in Figure 6.38.2, histogram “h”). Gate the events in GO/G1
phase with “G0/G1” gate, events in S-phase with “S” gate, and events in G2 phase
with “G2” gate. Display coefficient of variation (CV) and geometric mean (GM) of
“G0/G1” gated events in the statistic-section of histograms.

28. Determine the DNA Index (DI) of tumor population by calculating the ratio of GM of
FCV of tumor cells in PC-G0/G1 phase to GM of FCV of mature lymphocytes GO/G1
phase. DNA Ploidy is categorized as diploidy, hypodiploidy, and hyperdiploidy for
DI >0.95 to <1.06, <0.95, =1.06, respectively. The percentages of cells in S-phase
are enumerated by the percentages of events in the “S” gate.

The difference between the DNA content of mature lymphocytes and tumor cells or cells
of interest can be further demonstrated in the overlay-plot (Fig. 6.38.2“K”) or bivariate-
plot with FCV-Area (log scale) versus side scatter (Fig. 6.38.2“1”)

Figure 6.38.2 demonstrates plasma cells with hyperdiploidy with DNA index (DI) of 1.34.

REAGENTS AND SOLUTIONS

Use distilled, deionized water in all recipes.

Phosphate-buffered saline with albumin (PBS-A), pH 7.2

Ingredients Working solution 5x PBS
NaCl 8.0 g/liter 40.0 g/liter
Na,HPOy4-2H,0 (mol. wt. 277) 2.6 g/liter 13.0 g/liter
Albumin 2.0 g/liter 10.0 g/liter
KCl 2.0 g/liter 10.0 g/liter
KH,PO4 0.2 g/liter 1.0 g/liter
NaNj; 0.2 g/liter 1.0 g/liter
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Figure 6.38.2 Demonstrates the analysis approach for multi-color immunophenotyping and DNA
ploidy assessment using FxCycle Violet (FCV) with an example in bone marrow sample involved
by multiple myeloma with hyperdiploidy. Bivariate plot “a” showed gating of viable cells out of
all ungated events with “Viability” gate that excluded the cell debris (gray dots). Bivariate plot
“b,” showed exclusion of apoptotic and or FCV unstained cells using FCV A-H Singlets gate.
On the basis of the expression pattern of various surface markers used in this panel (CD45,
CD38, CD138, CD19, CD20, and CD27), bivariate plots “c, d, e, and f* demonstrated the gating
of mature lymphocytes (blue dots) and tumor cells (in this example, plasma cellsorange dots) and
granulocytes (green dots). Histograms “g, h, and j” showed FCV staining in mature lymphocytes,
tumor cells i.e. plasma cells and granulocytes demonstrating their GO/G1 phase, S-phase, and
G2 phase peaks. Plot “k” demonstrated the overlay of GO/G1 phase in FCV staining of normal
mature lymphocytes and tumor cells (plasma cells) showing higher FCV staining in tumor cells
as compared to normal lymphocytes which indicated “hyperdiploidy”. Similarly, bivariate plot “I’
showed higher staining of FCV in tumor cells as compared to lymphocytes and granulocytes. DNA
index of tumor cells was found to be 1.35.
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Mix all the above constituents in distilled water to make up the volume to 1000 ml

Working 1x buffer prepared when needed: Take 100 ml of 5x PBS (see recipe)
and adjust volume to 500 ml using distilled/deionized water. Adjust pH between
7.0 and 7.5 using 1 N hydrochloric acid or 1 N sodium hydroxide solution, if
required. Store up to 24 to 48 hr at room temperature.

Phsophate-bufferd saline (PBS)

0.23 g NaH,PO, (anhydrous; 1.9 mM)

1.15 g Na,HPO4 (anhydrous; 8.1 mM)

9.00 g NaCl (154 mM)

Add H,0O to 900 ml

If needed, adjust to desired pH (usually 7.2 to 7.4) with 1 M NaOH or 1 M HCI
Add H;O to 1 liter

Filter sterilize

Store indefinitely at 4°C

Reconstituted “FxCycle Violet” (FCV) stock solution

To prepare a stock solution of FCV stain, add 500 1 deionized water to one vial of
the FCV (Invitrogen or Thermo Fisher Scientific, cat. no. F10347) stain. Mix well.
Store this solution at 2° to 6°C, protected from light. When stored as directed, the

stock solution is stable for at least 6 months.

Red cell lysing reagent

Ingredients Working
NH4Cl1 8.26 g/liter
KHCO; 1.0 g/liter
Tetra Sodium EDTA 0.037 g/liter

5x PBS (see recipe)
41.3 g/liter

5.0 g/liter

0.185 g/liter

Mix all the above components and dissolve them in 1000 ml distilled water
Working 1x lysing reagent prepared when needed: Take 40 ml of 5x lysing
reagent and adjust volume up to 200 ml.

Store at 4° to 8°C
COMMENTARY

DNA ploidy determination is commonly used
in the risk stratification of hematolymphoid
neoplasms like B cell precursor acute lym-
phoblastic leukemia (BCPALL), multiple
myeloma (MM) (Zhan et al., 2006; Kenney
etal., 2008; O. Basu et al., 2009; Lopez-Otero
et al., 2010). In addition, its application has
been expanded in the prognostication of many
nonhematological cancers (Danielsen et al.,
2016). DNA ploidy analysis is clinically rele-
vant in the risk stratification of hematological
conditions with rare or minute tumor cells like
precursor conditions of MM, i.e., smoldering
(asymptomatic) myeloma and monoclonal
gammopathies of undermined significance
(MGUS) or circulating sezary cells in Mycosis
Fungoides or in BCPALL MRD detection
(Wang et al., 2004; Perez-Persona et al., 2007;
Swerts et al., 2007).

Several methods for DNA ploidy and cell
cycle analysis are available including DNA
analysis with simultaneous immunopheno-
typing, but these methods harbor limitations
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especially in samples with small tumor cell
population with a background rich with other
normal hematopoietic cells. These limitation
are described below. Propidium iodide (PI)
based FC DNA ploidy analysis method is com-
monly used in many types of research, as
well as clinical settings, which give high stain-
ing linearity independent of DNA conforma-
tional status and very low CV (Almeida et al.,
1999). However, it is laborsome due to mul-
tiple steps, error prone, as it involves many
reagents, and is time-consuming (few pro-
tocols require overnight incubation), as well
as pH sensitive (Nowak et al., 1994). In ad-
dition, the broad emission spectrum of PI
prevents the concomitant use of other adja-
cent channels like PE, APC (Corver et al.,
2000) limiting its use for multicolor sur-
face staining. Since PI stains double-stranded
RNA similar as DNA, analysis of the later
requires pre-incubation with RNase, or in-
clusion of RNase into the staining solution.
It should be noted that, dyes like 7-AAD




and DRAQ)S can be used simultaneously along
with surface staining with antibodies con-
jugated with FITC, PE and APC provided
that the compensation adjustment is done ad-
equately (Zelenin et al., 1984; Yuan et al.,
2004). Unfortunately, 7-AAD may show stain-
ing variation due to heterogeneous chromatin
packaging and cross-linking of DNA and/or
of DNA-histones (Darzynkiewicz et al.,1984;
Telford et al., 1992; Linden et al., 1997). Mau-
rizio Carbonari et al. improved this method
using acetone-based fixation and integral hot
staining (IHS) technique (Carbonari et al.,
2001). However, IHS can alter the levels of
expression-pattern of surface antigens, if per-
formed as a part of simultaneous immunophe-
notyping and moreover, it demands prolonged
incubation for better DNA staining quality,
with low CV (Mancaniello and Carbonari,
2008). Hence, it cannot be a method of
choice useful in clinical samples with rare tu-
mor population. DRAQS, a far red-fluorescing
agent with an excitation maximum around
650 nm and an emission spectrum ranging
from 665 nm to beyond 780 nm, is another
DNA dye shown to be useful in simultane-
ous immunophenotyping and ploidy analy-
sis. Yuan C et al. and others evaluated and
showed the successful use of DRAQS along
with surface staining in hematological sam-
ples (Smith et al., 2004; Yuan et al., 2004;
Swerts et al., 2007; Allan et al., 2008). Never-
theless, these studies are limited to maximum
three-color immunophenotyping, which may
not sufficiently separate a rare tumor popu-
lation from its normal counterpart cells. For
instance, in MGUS or smoldering myeloma
(SMM) samples, in which abnormal plasma
cells (PCs) coexist with normal polyclonal PCs
in BM or in B-ALL post-induction BM sam-
ples with a residual disease where leukemic
blasts coexist with normal B cell precursors or
sezary cells from CD4+4- T-cells in peripheral
blood. In such situations, a multiparametric
approach with a combination of four or more
markers is required to differentiate tumor cells
from its normal counterpart.

Advancements in the flow cytometry instru-
ments with provision of three to four lasers and
recent availability of wide spectrum of flu-
orochromes easily allow up to the ten-color
immunophenotyping in clinical samples for
the detection of rare tumor cells (Wood, 2006;
Denys et al., 2013; Stacchini et al., 2014) and
make it is possible to identify a minute tumor
population such as MRD detection and detail
characterization of the precursor diseases like
MGUS, SMM. There are three major advan-

tages of the present DNA ploidy protocol over
the earlier published methods:

1. It uses a FCV-dye that utilizes violet-
color excitation spectrum and hence, the emis-
sion spectra from green to the far red re-
gion is totally available for the surface marker
staining with antibodies conjugated with fluo-
rochromes excited with blue and red lasers.
Thus, it allows simultaneous up to seven-
color immunophenotyping and DNA ploidy
analysis.

2. This protocol does not alter the routinely
used surface staining protocol with a minor
modification. It simply adds only one extra
step of incubation of cells with FCV after sur-
face immunophenotyping and fixation. Thus,
it does not impose the cells for alteration of
physical characteristics or surface marker ex-
pression patterns.

3. In this protocol, FCV incubation is just
for 30 min after the surface staining and fix-
ation, which makes it very simple to add to
daily flow cytometry work list even in the lab-
oratories with a heavy workload.

Therefore, this protocol makes it very easy
to perform DNA ploidy analysis along with
6- to 8-color immunophenotyping in samples
with rare tumor population. An additional ben-
efit of this protocol is that it also permits
analysis of the DNA content in the left-over
cells after acquisition for routine immunophe-
notyping in leukemia or multiple myeloma.
For example, if there are 4 x 107cells in the
tube stained with surface antibodies (conju-
gated with fluorochromes excited with laser
other than violet-laser) for acute leukemia and
out of it, if 3 x 10° cells are acquired for
immunophenotyping, then the remaining 1 x
103 cells can be further fixed and stained with
FCV. Although the architecture of the cells
remains well maintained, the CV of G0/G1
peak cells measured by FCV can be somewhat
higher than that based on PI-staining technique
(approximately 4% to 5%) due to auto fluores-
cence of certain cells, such as plasma cells.

Critical Parameters

Choice of fixative: Medium A-fixative by
Invitrogen gives the best results with a low
coefficient of variation (CV) of GO/G1 peak
and a minimum number of unstained cells.
Other fixatives like in-house prepared 0.5%
paraformaldehyde and Medium-A from Fix
and Perm kit (Dako, cat. no. K2311) result
in the higher CV and low staining ability of
FCV. Hence, it is critical to fix the cells us-
ing Medium-A from Fix and Perm kit (In-
vitrogen) to get low CV of GO/G1 peak in
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Figure 6.38.3 Demonstrates the simultaneous 8-color surface immunophenotyping and DNA
ploidy analysis of different subsets of hematopoietic cells in a BM sample. Bivariate plots “d to
various subsets of hematopoietic cells which included lymphocytes (CD45 strong/low side scatter),
granulocytes (CD13+/CD15+), eosinophils (high side scatter/strong CD45), B cells (CD19+), T
cells (CD7+), NK/T cells (CD7+/CD56+), and CD34+ stem cells. Bivariate plot “e” demonstrated
maturation pattern of granulocytes with CD13 versus CD11b expression. Histograms “k to r”
showed DNA content analysis with FCV staining of all these populations.

DNA-staining with FCV. (NOTE: We have not ~ PBS. If it is reconstituted in PBS it does not
tried any alcohol-based fixative.) stain the DNA optimally.

Selection of fluorochromes: 1t is critical to The concentration of cell suspension and
avoid another marker conjugated with fluores- speed of cell acquisition: Like any other ploidy
cence excited with a violet laser due to the assays, it is critical to have similar cell den-
remarkable spectral overlap of FCV. sities (similar DNA per FCV content ratio)

Reconstitution of FCV: It is critical to re- in the comparable samples (Darzynkiewicz,
constitute FCV in deionized water only and  2010a) and maintain low acquisition rate
mix properly. It should not be reconstituted in ~ i.e., <200 cells/second. The higher rate of
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Figure 6.38.4 Demonstrates an example in hypodiploidy in a B cell acute lymphoblastic leukemia. Bivariate
plot “a” showed gating of viable cells out of all ungated events with “Viability” gate that excluded the cell debris
(gray dots). Bivariate plot “b” showed exclusion of apoptotic and or FCV unstained cells using FCV A-H Singlets
gate. B-ALL blasts were gated on the basis of the expression pattern of various surface markers (CD10+,
CD19+, CD20-/+, CD34-, CD38-/+, and CD45-/+). The bivariate plots “c to f” demonstrated the gating of
mature lymphocytes (blue dots) and BALL blasts (orange dots). Histograms “j and k” showed FCV staining in
mature lymphocytes, and BALL blasts demonstrating their GO/G1 phase, S-phase and G2 phase peaks. Plot
“I” showed the overlay of GO/G1 phase in FCV staining of lymphocytes and BALL blasts revealing lower FCV
staining in BALL blasts as compared to normal lymphocytes, which indicated “hypodiploidy.”

acquisition can result in higher CV of G0O/G1
peak in DNA analysis. Similarly, even if the

The suboptimal staining with FCV can result
from three main reasons:

acquisition speed is low but if the cell concen-
tration is higher than one million cells/ 0.5 ml,
this also leads to the acquisition of more than
the recommended cells/second. Hence, it is
critical to maintain the cell concentration and
acquisition speed to the optimal levels.

Troubleshooting

Usually, the percentage of FCV-unstained
cells is <10% of total gated cells. FCV-
unstained cells more than 10% of the gated
cells indicates suboptimal staining with FCV.

1. Inadequate reconstitution of FCV dye,
low concentration of reconstituted FCV, or in-
adequate delivery of the dye due to improper
pipetting: To prevent pipetting errors caused
by smaller volumes of liquid, it is advisable to
reconstitute the FCV stain in 0.5 ml of deion-
ized water such that 5 pl of the stain stock
solution is added to the cell suspension.

2. Insufficient FCV incubation time:
Although, in this protocol we have a stan-
dardized incubation period for 30 min, opti-
mization may be required in order to address
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variation in staining results caused by differ-
ences in batches of the FCV dye.

3. Inconsistent staining of cells: An impor-
tant consideration for this method is the mix-
ing of cells with PBS-A after the washing step
following fixation. We have observed that in
inexperienced hands this is a common mistake.
Since the reconstituted FCV-dye is delivered
directly to the cells resuspended in the PBS-
A after fixation, the inadequate mixing of the
PBS-A and cells prior to the addition of FCV-
dye does not allow the FCV staining of all
the cells present in the sample. Another issue
that can affect the results of DNA ploidy assay
is higher CV G0/G1 peak of gated cells. The
presence of small cell clumps in the sample
may broaden the axis of cell focus in front of
the laser beam, which also can result in higher
CV GO/G1 peak.

Anticipated Results

Simultaneous assessment of 6- to 8-color
immunophenotyping and DNA ploidy anal-
ysis using FCV provides freedom of DNA
ploidy and cell cycle analysis in multiple
cell population present in the samples like
BM, PB, or body fluids. This protocol liter-
ally allows isolating many cell subsets (e.g.,
lymphocytes, many subsets of lymphocytes,
monocytes, eosinophils basophils, different
stages of granulocytes, stem cells and its sub-
sets, etc.) even if they are present as low
as 200 events. Since multicolor immunophe-
notyping adequately differentiates abnormal
cells from its normal counterpart cells (e.g.,
clonal plasma cells and normal plasma cells),
it is easily possible to compare the DNA
ploidy results between the two compartments.
This protocol uses the normal mature lym-
phocytes from the same person as reference
cells, which makes it is easy to calculate
the DNA index and reduces the error in
the result due to individual variation in the
A-T regions and cell stainability with the
fluorochrome.

Figure 6.38.3 demonstrates the simulta-
neous 8-color surface immunophenotyping
and DNA ploidy analysis of different subsets
of hematopoietic cells in a BM sample ac-
quired in Cytoflex (Beckman Coulter). In this
instrument,the GO/G1 peak of lymphocytes
was adjusted to be at channel number 200,
and as is seen, many subsets of hematopoi-
etic cells (plot d to j) that include lympho-
cytes (CD45 strong/low side scatter), granu-
locytes (CD13+/CD15+), eosinophils (high
side scatter/strong CD45 and dim expression
of CD11b), B cells (CD19+), T cells (CD7+),
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NK/T cells (CD74/CD56+), and CD34+
stem cells can be identified. Histograms “k
to 1" showed DNA content analysis with FCV
staining of these populations.

Figure 6.38.4 demonstrates the simultane-
ous 6-color surface immunophenotyping and
DNA ploidy analysis in a case of B cell acute
lymphoblastic leukemia (B-ALL) showing hy-
podiploidy acquired in FACS Canto-II (BD).
In this example, BALL-blasts were gated with
the expression pattern of CD19, CD10, CD20,
CD34, CD38, and CD45 (plots “d to g”).
B-ALL blasts gated in plot “g” revealed hy-
podiploidy with DNA contents lower than
lymphocytes (plots h and 1) and DNA index
of 0.75.

Time Considerations

This method only adds 30 min to the rou-
tine surface staining processing time, which
is usually 60 to 90 min depending on the
protocol. Hence, it is a very simple and
quick method of DNA ploidy and cell cycle
analysis.
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PURPOSE

A 28-color panel was developed to screen for a range of lymphocyte subsets in
human peripheral blood mononuclear cells (PBMCs), particularly in patients with
primary immunodeficiency (PID). Using this panel, we are able to avoid running
the sample over multiple screening panels while still deeply phenotyping a diverse
range of lymphocyte subsets including innate like lymphocytes (y§, mucosal-
associated invariant T [MAIT], natural killer [NK], and NKT cells), as well as multi-
ple subsets of naive and memory CD4" and CD8" T cells, and B cells. Specifically,
naive, central memory (cmem) and effector memory (emem) CD4" T cells, naive,
cmem, emem and CD45RA" revertant memory (TEMRA) CD8" T cells, regulatory
(Tregs), T follicular helper (Tth) and T helper (Th) 1, and Th17 CD4" T cells, and
transitional, naive, memory, and CD21' B cells.

BACKGROUND

Primary immunodeficiencies (PIDs) are caused by monogenic mutations that
compromise the development, maturation, differentiation and/or function of immune
cells (1,2). Consequently, individuals with PIDs are highly susceptible to infection by a
wide range of pathogens. One of the first steps to understanding the underlying cause
of the clinical presentation of patients with PID is to identify any developmental
or functional lymphocyte defects that may be present. This is important because
several instances have been described where, despite the genetic lesion being
determined, the mechanism by which defects in the affected gene result in dis-
ease pathogenesis are unknown. Thus, the establishment of “immune cell signa-
tures” for different PID cohorts by flow cytometric-based profiling of immune
cell populations in the peripheral blood of PID patients will aid in the diagnosis
of these patients and reveal potential cellular defects that may contribute to dis-
ease in affected individuals (3). By way of example, patients with heterozygous
dominant-negative mutations in STAT3 present with an autosomal dominant
form of hyper IgE syndrome (AD-HIES) characterized by recurrent opportunistic
Candida (fungal) and staphylococcal (bacterial) infections and compromised
antibody responses. Over the years, we and others have established that patients
with AD-HIES display a distinctive lymphocyte signature including reduced
MAIT and NKT, but normal y§ T cells (4), reduced CD4"CCR6" T helper (Th)
17 and CD4"CXCR5" circulating T follicular helper (cTth) cells (5-7), and
reduced CD20"CD27" memory B cells (3,8). Moreover, the failure to generate
Th17 cells in AD-HIES directly accounts for increased susceptibility to fungal
infections, while decreased memory B cells and Tfh cells explain the poor anti-
body responses in these individuals.

Previously, this type of screening process would be performed using five differ-
ent 7-10-color flow cytometric panels (Online Table 3). However, this can be time-
consuming and requires more of each sample for a reliable readout. This is especially
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Table 1. Summary table for application of OMIP-063 true when dealing with infrequent cell populations such as

the innate like lymphocytes NKT, MAIT, and y6 T cells. Fur-

Purpose Phenot;lrpl.ng of human immune cell thermore, access to a large number of PBMCs is not always
Speci Hp opulations feasible when dealing with rare patient samples. Hence, there

pecies uman is a currently unmet need for the establishment of a multi-
Cell types Peripheral blood mononuclear cells

parameter panel to enable detection of different lymphocyte
populations in human peripheral blood using a single panel.
In this OMIP, a flow cytometric panel that incorporates
28 different markers has been developed and optimized for
the efficient screening of patients presenting with PIDs. The

Cross-references ~ OMIP 021 (Innate like lymphocytes),
OMIP 030 (T cell subsets), OMIP
033 (limited T cell and B cell
subsets), OMIP 050 (T cell subsets

and markers such as PD1), and

OMIP 051 (B cell and DCs)

panel focuses on identifying the main subsets of B, CD4" and

Table 2. Antibodies used for OMIP-063

SPECIFICITY ALTERNATIVE NAME FLUOR AB CLONE PURPOSE
Viability stain Zombie UV~ NA Exclusion of dead cells
Innate like lymphocytes
CD56 NCAM BB790 NCAM16.2 NK cells and some memory CD8" T cells
CD1l161 NKR-P1A, NK1.1, BV786 DX12 MAIT, NK, NKT, and a subset of CD8" T cells
KLRB1
TCR Vyd BV711 11F2 T cell receptor for y8 T cells
TCR Va24/JaQ BV605 6B11 Invariant T cell receptor for NKT cells
TCR Va7.2 APC-Cy7 3C10 T cell receptor for MAIT cells
B cells
CD20 BUV805 2H7 B cells
CD19 BV750 §J25C1 B cells
CD21 Complement BUV563 B-Ly4 Down-regulated on atypical/aged memory B cells
receptor 2
CD10 CALLA, NEP, BV650 HI10a Transitional B cells
gp100
IgD BV480 1A6-2 Naive B cells and expressed at low levels on IgM
memory B cells
IgM APC- R700 G20-127 Naive B cells and IgM* memory B cells
CD27 TNFRSEF7 BB515 M-T271 Memory B cells; naive and cmem CD4" and CD8"
T cells
IgG BB660 G18-145 IgG+ Isotype switched memory B cells
IgA1/A2 PE-Cy5 G20-359 IgA+ Isotype switched memory B cells
T cells
TCR Vof BUV737 T10B9.1A-31 T cell receptor expression for conventional off T
cells
CD4 BUV661 SK3 T helper cells
CXCR5 CD185 BUV615 RF8B2 Tth cells
CD8 BUV496 RPA-T8 Cytotoxic T cells
CD45RA BUV395 HI100 Marker for naive and revertant effector (TEMRA)
T cells
CD3 BV570 UCHT!1 T cells
CXCR3 CD183 BV421 1C6 Thl cells
CD127 IL7 receptor o BB700 HIL-7R-M21 Down-regulated on Tregs
chain
CCR6 CD196 BB630 11A9 Th17 cells
CD27 TNFRSF7 BB515 M-T271 Memory B cells; naive and cmem T cells
CCR7 CD197 PE-Cy7 G043H7 Naive T and cmem T cells
PD1 CD279 PE- CF594 EHI12.1 Activation marker
CD25 IL-2 receptora BYG584 2A3 Tregs
chain
KLRG1 CLECI5A APC 2F1/KLRG1 Marker of senescence on CD8" T cells
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Table 3. 28-Color panel used to detect major lymphocyte populations in human PBMCs

B cells (CD37CD20%)

T cells (CD3*CD207)

Unconventional T cells (CD3*CD207)

NK Cells (CD3~CD56")

Transitional (CD107CD277)
Naive (CD27 CD107)
Memory (CD27"CD107)

Atypical/aged memory B cells
(CD19M8*CD21"")
CD4" Helper T cells (CD4"CD8™)

CD8" Cytotoxic T cells (CD4™CD8")

MAIT (CD161"TCRVa7.2")
NKT cells (TCR Va24JaQ™")
¥8 T cells (TCR Vap~ TCR Vy8")

IgM" memory B cells (IgM*IgA"IgG™)
Switched memory B cells
(IgM1gG'IgA™ and IgM IgG IgA™)

Naive (CCR7*CD45RA™")

Central memory (cmem;
CCR7*CD45RA™)

Effector memory (emem;
CCR7CD45RA™)

Tregs (CD25"¢"CD127"°")

Th1 (CD25""~CXCR5 CD45RA~
CXCR3*CCR67)

Th17 (CD25""
“CXCR5 CD45RA"CXCR3™
CCR6")

cTth (CD25"°"~CXCR5"CD45RA ™)

Other Th cells including Th2 and Th9
cells (CD25"
“CXCR5 CD45RA"CXCR3™
CCR6")

Naive (CCR7*CD45RA™)

Central memory (CCR7*CD45RA™)

Effector memory (CCR7“CD45RA™)

Effector revertant memory (TEMRA;
CCR7-CD45RA™)

CD8" T cells and NK cells as well as NKT, y5 and MAIT cells
present in peripheral blood (Tables 1-3). In such a way, this
panel can detect and quantify the major lymphocyte subsets
in addition to determining their maturation status.

For initial broad characterization, we have separated the
B and T cell lineages by CD20 and CD3, respectively. Within
the CD3 positive compartment, the T cells are then further
divided into CD4" and CD8" subsets to allow for recognition
of the distinct subsets of helper and cytotoxic T cells, respec-
tively. Within the CD4" and CD8" T cell populations, the
panel includes monoclonal antibodies to numerous markers
to enable determining the maturation, differentiation and
activation status of these T cells (Figure 1).

CCR7 and CD45RA are included to delineate CD4" and
CD8" T cells into naive (CCR7'CD45RA"), central memory
(CCR7"CD45RA"), effector memory (CCR7 CD45RA™) and
effector memory revertant (CCR7-CD45RA™) populations (9).
Naive CD4" T cells have the ability to differentiate into different
helper subsets that have specific roles in immune responses to spe-
cific pathogens. For instance, Th1, Th2 and Th17 cells are essential

for host defense against viruses and intracellular pathogens, extra-
cellular pathogens, and fungi, respectively. Furthermore, CD4"
regulatory T cells (Tregs) are necessary to maintain immune
homeostasis and to guard against autoimmunity, and Tth cells are
essential for the induction of antibody-mediated immunity and
long-lived serological memory (10-12). To distinguish between
these Th cell populations, we have used the surface receptors
CD25, CD45RA, CD127, CXCR5, CXCR3 and CCR6 to identify
Tregs (CD25"CD127"°), Th1 (CD45RA”CXCR3*CCR67), Th17
(CD45RA™CXCR3™CCR6"), Tth (CD45RA™CXCR5"), and other
Th cells including Th2 and Th9 cells (CD45RA™CXCR3 CCR6")
(11). In regards to CD8" T cells, the inclusion of killer cell lectin
like receptor G1 (KLRG1) has the added benefit of detecting T cell
senescence in memory and effector CD8" T cells (9).

B cells (CD20") develop in the bone marrow and have
the important function of producing antibodies and are
thus critical for intact humoral immune responses. Cell sur-
face molecules have been used to identify distinct stages of B cell mat-
uration and differentiation. As such, CD10, CD21, CD27, IgD, IgM,
IgG and IgA can be used to resolve transitional (CD10"CD27"), naive
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Figure 1. Overview of gating strategy for the 30-parameter panel (including forward and side scatter) on PBMCs. (A) Viable cells were
determined by firstly gating FSC-A versus FSC-H for single cells, followed by lymphocytes based on FSC-A and SSC-A, and lastly Zombie
UV-negative cells. (B) From viable cells, T cells (CD3"CD207), B cells (CD20*CD37), and natural killer (NK) cells (CD3-CD56*) can be
determined. (C) Within the CD3* T cell compartment CD4* T cells and CD8* T cells can be identified as well as MAIT cells (CD161*Va7.2%),
NKT cells (CD3*Va24JaQ?), and Vap* and Vy8* T cells. (D) CD4™ T cells can be further divided into regulatory T cells (Tregs;
CD25"9"CD127'°%) and “non-Tregs” (CD25'°'CD127*"), based on CD25 and CD127 expression, as well as naive (CCR7*CD45RA"), central
memory (cmem; CCR7*CD45RA"), and effector memory (emem; CCR7-CD45RA™) populations based on differential expression of CCR7 and
CD45RA. (E) Similarly, CD8" T cells can also be divided into naive (CCR7*CD45RA"), cmem (CCR7*CD45RA™), emem (CCR7-CD45RA™), as
well as revertant memory (TEMRA; CCR7-CD45RA*) subsets. KLRG1 expression can be visualized on these different CD8" T cell subsets. (F)
Other CD4" T helper (Th) populations can be identified. Non-Tregs were further gated into naive (CD45RA*CXR57), T follicular helper (Tth;
CXCR5*CD45RA"), and “memory non-Tfh” (CXCR5-CD45RA™) cells based on CD45RA versus CXCR5 expression. PD1 expression can be
examined on these CD4" T cell subsets. Furthermore, memory non-Tth cells were further examined for CCR6 and CXCR3 expression to
determine Th1 (CXCR3*CCR67), Th17 (CXCR3-CCR6*), Th1/Th17 double positive (CXCR3*CCR6*), and other Th cells including Th2 and Th9
cells (CXCR3-CCR67). (G) Total CD20* B cells were examined for CD19 and CD21 expression to identify CD19"CD21'°" B cells, and for CD10
and CD27 expression to identify transitional (CD10*CD277), naive (CD10"CD277), and memory (CD10~CD27*) B cells. IgD, IgM, IgG and IgA
expression were then examined transitional, naive and memory B cell populations. [Color figure can be viewed at wileyonlinelibrary.com]
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(CD10” CD277), IgM" memory (CD10~CD27'IgM'IgG IgA"),
and IgG
(CD10™CD27 IgM IgG IgA") isotype switched memory B
cells (13-16). In a lot of instances, we can also detect a popu-
lation of atypical or aged memory B cells (CD19™¢"CD21'°")
that have been proposed to have multiple functions in health
and disease, including being plasmablast precursors during
anamnestic immune responses, harboring self-reactive speci-
ficities in the setting of Ab-mediated autoimmune disease,
and being dysfunctional in the setting of chronic infection
(e.g., HIV, malaria, Hepatitis B) and thus pathogenic due to
an inability to clear these pathogens (17,18).

Finally, we have included additional markers to distin-
guish subsets of NK cells and innate-like T cells. These
include ¥ T (TCR Vaf Vys'), NK (CD3°CD56") NKT
(TCR Va24JaQ"), and MAIT (TCR Va7.2*CD161%) cells
(19). We have also included the PD1 and KLRG1 as markers
of activation and senescence, respectively.

Following the outline above, we have defined the various
immune cells subsets using this 28-color panel (Table 3).

The gating strategy used to determine these cells is
shown in Figure 1 following standard FSC/SSC, singlet, and
live cell gating. Using this broad phenotyping panel, differ-
ences in the main lymphocyte subpopulations between
healthy donors and patients with immune dysregulatory con-
ditions are easily identified. Differences in a particular popu-

lation can then be further studied using refined, more specific
staining panels.

SiMILARITY TO OTHER PuBLISHED OMIPs

This panel includes a few T cell subsets and differentiation
markers used in OMIPs 009, 013, 017, 018, 025, 030, 033, 036,
042, 050; and B cell markers used in OMIP 003, 033, 043, 047,
and 051 and innate like populations in OMIP 019, 021, and
046. While some panels such as OMIP 033 and 042 included a
few different subsets of lymphocytes, and OMIP 044, OMIP
050 and OMIP 051 are previously published 30-parameter
panels with broad phenotyping, there is currently no OMIP
that allows for an extensive immunophenotyping of different
human lymphocytes as described here.
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o Abstract

This 27-color flow cytometry panel was developed in order to assess immunological
changes over the course of an immunization and challenge regimen in two experimen-
tal malaria vaccine trials. The aim of the study was to find correlates of vaccine-
induced protection. Several studies have indicated that protection against malaria
appears to involve immune responses at various immunological sites, with liver-resi-
dent responses playing an essential role. As it is not feasible to monitor the immune
responses within the liver in humans, this panel is developed with the aim to thor-
oughly characterize the immune responses over time in blood in addition to detecting
changes that might reflect what happens in other immunological sites like the liver.
The focus of this panel is to detect several innate lymphoid cell populations, including
NK cells and their activation status. Moreover, unconventional T cells like mucosal
associated invariant T cells and yd T cells are assessed in the panel.  © 2020 International
Society for Advancement of Cytometry

Key terms
flow cytometry; human PBMC; y8 T cells; NK cells; T cells; MAIT cells; innate
lymphoid cells.

BACKGROUND

Malaria is still a major health threat, with 200 million cases and approximately
400,000 deaths annually, mostly among children under 5 (1-3). The disease is cau-
sed by mosquito-transmittedPlasmodiumparasites that have a complicated lifecycle
which occurs in multiple sites of the body, including the liver and the blood.
Although efforts to design a potent anti-malaria vaccine have been ongoing for
nearly a century, there is still no vaccine that confers adequate durable immunity
to infection. Furthermore, naturally occurring sterilizing immunity to malaria is
rare, despite repeated infections (4,5). Immunization with radiation-attenuated
sporozoites (RAS), which are parasites that have retained their ability to infect the
liver, has been shown to confer sterilizing protection. However, the mechanism
behind this protection is incompletely understood (1,6-9). Remarkably, the occur-
rence of natural infection seems to inhibit the development of protective sterilizing
immunity, as clinical trials in nonendemic regions consistently report higher vac-
cine efficacies than those in malaria-endemic regions (10). It has been suggested
that tolerogenic responses, immune exhaustion, and senescence play a role (11).
Identifying the underlying immune mechanisms of anti-malarial immunity or the
lack thereof will aid the development of a protective vaccine that is suitable for
mass distribution. High parameter multicolor flow cytometry enables thorough
characterization of immune responses against pathogens. Here we describe a
27-color panel that aims to detect immune responses that correlate with protection
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Table 1 Summary table for application of OMIP-064 in experimental malaria vaccine trials, in addition to com-
Purpose Extensive phenotyping paring responses in individuals from malaria endemic
Species Human regions with those from nonendemic regions. This panel
Celltype PBMC was developed for use with three other panels, in order to
Cross-references  OMIP-029, OMIP-039, OMIP-044, extensively phenotype the immune responses triggered by

OMIP-055, OMIP-056, and RAS-immunizations. The other panels we developed focus

OMIP-058 on T and B cells and we used a dendritic/monocyte panel
published as an optimized multicolor immunofluorescence
panel (OMIP) (Table 1) (12).
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Fig 1. Legend on next page.
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The panel described here is developed with a focus on
innate lymphoid cells (ILCs), conventional NK cells and their
activation status, Y8 T cells, mucosal associated invariant T
(MAIT) cells in addition to the major lineages including T
cells, B cells and monocytes, both for exclusion of other line-
ages and to characterize potential expression of NK-relevant
markers in these other cell types. All the reagents are listed in
Table 2. The panel includes lineage markers CD14 and CD33
to gate out monocytes, dendritic cells, and granulocytes and
CD19 for the exclusion of B-cells. For the gating of T cells,
CD3, CD4, and CD8 are used to identify the conventional T
cell subsets, although these markers can be expressed on sev-
eral other cell types detected by this panel, such as NK cells.
CD161 and TCRva7.2 are included to gate on MAIT cells.
These cells are detected in peripheral blood, although they are
more abundant at mucosal sites and in the liver. Their role in
the protection against malaria infection is unknown, although
MAIT cells were observed to contract and then expand in a
controlled human malaria-infection(CHMI) study (13).

Another unconventional T cell subset that has generated
attention in the malaria immunology field is the subset of T
cells expressing the Y8 T cell receptor (TCR). These y3 T cells
have been shown to be expanded in acute malaria infection,
and a recent study showed that the V82 subset was found to
correlate with protection in a large cohort of healthy, malaria-
exposed individuals that were immunized with a RAS-vaccine
(14). In addition, their relevance to malaria has also been
demonstrated in animal models, for example, Y8 T cells are
required for the induction of sterile immunity in a rodent
model (14). We have therefore included antibodies detecting
the yd TCR and V52 to identify y8 T cells and the V52
subset.

Animal models have helped elucidate some of the mech-
anisms needed for protective immune responses in the liver,
and NK cells have previously been shown to be important in
the immune responses during the early phases of liver stage
infection. NK cells likely contribute through the production

of IFNy and potentially through direct cytolysis of infected
hepatocytes (15,16).

In humans, NK cells have been shown to play a role in
malaria disease, both as having protective effects against the
pathogen in addition to contributing to pathology in cerebral
malaria (17). We have included several markers to extensively
characterize NK phenotypes, in which maturation status, dif-
ferentiation, and activation markers are included. To pheno-
type NK cells, we used CD56 in combination with CD16 to
delineate different NK subsets. An extensive set of NK cells
markers were included to monitor maturation and differentia-
tion, which can also indirectly indicate the functionality of
these NK subsets. Recently, so-called adaptive NK cells that
lack FCeRI-y were associated with protective effects in a large
cohort of seasonal malaria transmission monitoring (18). This
marker is combined with NKG2C, CD57 and a lack of
NKG2A expression to identify these adaptive NK cells (19).
CD27 has been implicated as another maturation or memory-
like marker, and has therefore been included (20). CD27 on
NK cells mark mature NK cells with low cytotoxic potential
(21). CD27-expressing NK cells were also indicated as being
memory-like NK cells in a murine tuberculosis model (22).
NKp30, NKp46, and CD38 are included to monitor activation
of NK cells. CD38 was recently described to be a key regula-
tor in NK cells that are enhanced in their cytotoxic abilities
and cytokine producing potential (23,24). The activating
receptor NKG2D was shown to be highly expressed in liver-
resident NK cells in a rodent model, and implicated in
humans (20,25,26). NKG2D ligands are upregulated in
response to type I interferons, which have been shown to be
induced in plasmodium-infected hepatocytes in mice, and
these cells could therefore be of interest to monitor (15,27).
Several of the NK markers in this panel have been shown to
be expressed on the conventional and unconventional T cells
detected by this panel. For instance, NKG2A and CD27 can
be detected on yd T cells as indirect markers for IFNy-
producing Y8 T cells (28), and CD57 expression on T cells

FIGURE 1 Example of the gating strategy of the 27-color measurement of cryopreserved PBMCs. (A) The cells from a healthy donor

were stained and the data were subsequently acquired on a BD FACSymphony instrument. The plot depicting forward scatter (FSC)
vs. time is to verify that there are no pressure fluctuations that might affect fluorescent signals. The FSC-Area (A) vs. FSC-Height (H) is to
gate on single cells and to exclude doublets. Next, the UViD-negative events are gated to exclude dead or damaged cells. CD14 vs. Side
scatter (SSC)-A is used to gate monocytes (CD14+ and SSChi) vs. lymphocytes (CD14- and SSClo), and CD14 and CD16 are used to gate
on the different monocyte subsets. In parallel, CD19 and CD33 are used as exclusion channels, to gate out B cells and granulocytes.
Another clean-up gate for lymphocytes is included based on FSC and SSC. (B) The negative fraction is then plotted for CD3 to gate on T
cell subsets. First, MAIT cells are gated as CD3+ TCRy5- CD161+ and TCRva7.2+. The non-MAIT cells are then used to gate v T cells, as
CD3+ and TCRyd+. The vd2 T cells are double positive for TCRy8+ and the v82TCR. The negative fraction is then used to gate on
conventional T cells that are either CD4+ or CD8+. (C) The CD3-gate is use for further delineation of ILCs. The ILC subsets are gated as
CD3-CD16-CD127 + CD161+, although ILC1 and LTi have been shown to lack CD161 expression, so ILCs can be gated on without this
marker as well. Further differentiation between ILC1, ILC2, and ILC3 can be done with CRTH2 and cKit, with CRTh2-CKit- cells gated as
ILC1, CRTh2+ cells gated on as ILC2 and ILC3 are cKit+. (D) The CD3-fraction is alternatively gated as CD56 vs. CD16 for NK subsets. The
second plot in this row shows that CD57 is mainly expressed on CD56dim NK cells. These cells are then plotted as NKG2A vs. NKG2C, the
latter of which are adaptive NK cells. (E) The 3 NK subsets as shown in the left plot in each row are plotted separately for the remaining
NK subset markers (CD57, NKG2A, NKG2C, NKG2D, NKp30, and NKp46), overlaid on the total CD3- population in gray. Also the
expression of FCeRly is measured, “adaptive NK cells” have a low expression of this marker (36). (F) Depiction of the y5 T cells (blue
overlay) and NKG2A, NKG2D and CD27 against v52.The background depicts total CD3+ cells, in gray. (G) A subset of CD3+ cells is positive
for CD56 and these will include NK T cells. The expression of CRTH2, HLA-DR, and NKG2A is plotted vs. CD56 to demonstrate several
phenotypic differences between the CD56+ and CD56- populations. The two plots in the third row show the CD4 versus CD8 pattern and
how the CD56+ CD3+ cells have a CD4+ population that dimly expressed CD8. (H) Ki67+ is used as a proliferation marker and plotted
against CD3+ on all CD14-CD33-CD19- lymphocytes, and shown as overlay combined with several markers that are different between the
CD3+ and CD3- populations. [Color figure can be viewed at wileyonlinelibrary.com]
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Table 2 Reagents used for OMIP-0

MARKER ANTIBODY CLONE FLUOROCHROME PURPOSE

CD16 3G8 BUV395 NK, monocyte, ILC gating
Viability NA Fixable blue Dead cell dump

CD3 UCHT1 BUV496 T cells

CD19 SJ25C1 BUV563 B cells

HLA-DR G46-6 BUV661 Activation

CD27 L128 BUV737 NK phenotyping

CD8 SK1 BUV805 CD8+ T cells

TCRyd 11F2 BV421 Pan-yd T cells

NKG2D 1D11 BV480 NK phenotyping

CD56 HCD56 BV570 NK phenotyping

V82 TCR B6 BV605 vS T cell subset v82

CD38 HB-7 BV650 Activation

CD57 HNK-1 BV711 NK phenotyping

CD4 SK3 BV750 CD4+ T cells

TCRva7.2 3C10 BV786 MAIT cells

FCeRIy poly FITC NK phenotyping

Ki-67 Ki67 BB660 Proliferation

CD14 M®P9 PerCP-Cy5.5 Monocytes

CD127 HIL-7R-M21 BB790 ILC phenotyping

NKp46 9E2/NKp46 PE NK phenotyping

CRTh2 BM16 PE-CF594 ILC phenotyping

CD33 WM53 PE-Cy5 Granulocyte/monocyte exclusion
c-kit 104D2 PE-Cy5.5 ILC phenotyping

NKG2A 7199 PE-Cy7 NK phenotyping
CD337/Nkp30 AF29-4D12 APC NK phenotyping

NKG2C 134,591 Ax700 NK phenotyping

CD161 HP-3G10 APC-Fire750 MAIT cells/ILC phenotyping

can be used as an exhaustion marker, previously shown to be
upregulated in Plasmodium falciparum infection (11).

The markers CD16, CD161, CD127 c-kit, and CRTH2
can together be used to differentiate the ILC subsets, which
are found in low abundance in the blood, although they are
more prevalent in tissues (29). The role of ILCs in malaria
vaccine responses has not been identified yet, although sparse
data indicate that ILCs may have a role in infection. For
instance, blood stage infection led to a rapid loss of group
1 ILCs in the blood of subjects participating in a CHMI study
(30). Another study suggested that group 2 ILCs were
involved in protection against cerebral malaria (31). As an
additional marker to phenotype cellular responses, we
included Ki67 as a marker for proliferation and recent in vivo
activation. Figure 1 shows an example of how these markers
can be used to gate on different cell subsets. This panel can
be used for preipheral blood mononuclear cells (PBMC), and
possibly for other sample types.

SiMILARITY TO PUBLISHED OMIPs

This panel is unique, although there is some overlap with
OMIP-056 (32), which also looks at MAIT, y8 T cells, and NK
cells (Table 1). However, the focus of that panel is more on

functional responses in the context of HIV infection, and does
not deeply phenotype subsets of NK cells and unconventional
T cells, as in this panel. The 21-marker panel described in
OMIP-055 (33) has nine markers in common with this panel,
although four of those are lineage markers and all lineage
markers are assigned to the same fluorochrome, which limits
the depth of the analysis to ILC subsets. OMIP-039 (34) and
OMIP-029 (35) describe panels that phenotype NK cells that
partly overlap with this panel, although both panels are less
elaborate, as they include 14 and 13 colors, respectively, and
can therefore not combine both NK cell markers with MAIT
and y8 T cells. OMIP-058 also has several markers that overlap
with our panel, although the emphasis is on y& T cells and
iNKT cells and the depth of NK subset phenotyping is more
limited than the panel we describe here. Overall, our panel is
unique because it enables a deep assessment of NK subsets in
addition to conventional and unconventional T cells, combined
with an extensive set of activation and maturation markers.
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o Purpose AND APPROPRIATE SAMPLE TYPES

This 14-color flow cytometry panel was designed to identify newly described subpopu-
lations within human group 2 innate lymphoid cells (ILC2s) and other ILC subsets.
This panel also allowed to identify recently reported subpopulations of peripheral
blood CRTH2™ ¢-Kit" ILCs. We validated this panel mostly in human peripheral blood
but also confirmed that the same panel and gating strategy works well in human ton-
sillar cells. The panel contains a few markers indicating the activation status of ILCs.
In addition, phycoerythrin (PE) channel is available for the markers of interest in each
study. In the validation studies described here, PE channel was used to test the expres-
sion of some markers. These features make this panel applicable for immuno-
phenotyping of ILCs in various disease states. © 2020 International Society for Advancement
of Cytometry

Key terms
innate lymphoid cells; ILC2; innate immunity; human immunology

BACKGROUND

Innate lymphoid cells (ILCs) are an emerging immune cell population that plays
important roles in innate immune responses to pathogens, tissue maintenance, and
repair after infection (1). ILCs have been classified into three subsets—ILC1, ILC2,
and ILC3s—based on cytokine profile, transcription factors, and receptor expression,
and it has been noted that they are functionally similar to T-helper 1 (Th1), Th2,
and Th17 cells (1). In light of recent findings of subpopulations with intermediate
phenotypes, however, there has been a growing understanding that this classification
of ILCs may be oversimplified (2-5). The functional plasticity with which one ILC
subset can adopt certain phenotypic aspects of another subset further contributes to
the uncertainty surrounding this classification (6-9). Recently, we reported that
human ILC2s defined as lineage-negative (Lin~) CD127" CRTH2" were still highly
heterogeneous (2) and could be divided into subpopulations with different function-
alities by using two surface markers, c-Kit and CCR6. The c-Kit™ population (c-Kit™
ILC2s) represents canonical ILC2s expressing higher levels of thymic stromal
lymphopoietin receptor (TSLPR) and IL4, IL5, and IL13 mRNA at baseline. These
cells demonstrated a robust response to IL-33 to produce cytokines IL-5 and IL-13.
In contrast, the c-Kit" CCR6" population (c-Kit" ILC2s) represented an atypical sub-
population with moderate expression of ILC3 signature genes, such as RORC which
encodes transcription factor RORyt, and the ability to differentiate into IL-17-
producing ILC3s in addition to having the basic characteristic of ILC2s (2, 3). We
further identified a third subpopulation that expressed skin homing receptor CCR10
(CCR10" ILC2s) within c-Kit" ILC2s, which seemed to represent a precursor of skin
ILC2s while exhibiting ILC3-like features (2).
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Peripheral blood CRTH2™ c-Kit" ILCs were once consid-
ered to be ILC3s (10), but recent studies have suggested that
these populations are highly heterogeneous and contain pro-
genitors for all ILC populations (4, 11). Most recent study
showed that an NKp46* population and a KLRG1" popula-
tion within blood CRTH2™ ¢-Kit" ILCs represent progenitors
biased toward ILC3s or ILC2s, respectively (4).

Given that ILC subpopulations exhibit significant differ-
ences in function and plasticity and/or progenitor properties,
it is extremely important to have an optimized flow cytometry
panel to dissect these subpopulations without concern for
cross-contamination. Here, we describe a novel panel to dis-
sect subpopulations within ILCs, especially ILC2s in human
peripheral blood (Table 1).

Reagents used in the final panel are described in Table 2.
With our panel, the total ILC population was defined as
CD45" Lin~ CD94~ CDI127" cells (Fig. 1A). Lineage markers
included CD3, CD4, CD14, CD19, CD34, and CD123. Total
ILCs were further divided into CRTH2" ILC2s, CRTH2~
cKit" ILCs, and CRTH2™ c-Kit~ populations (Fig. 1A).

Table 1. Summary table for application of the panel

PURPOSE IDENTIFICATION OF HUMAN ILC2
SUBPOPULATIONS IN PERIPHERAL BLOOD

Cell types Freshly isolated human PBMCs

Cross-references OMIP-055, —007, —029, and — 038

Notably, the expression of CRTH2 was lower in the c-Kit
positive population than in the c-Kit dim/negative population
within ILC2s (Online Fig. S2A, red arrow). Thus, suboptimal
antibody panels and gating strategies may lead to cross-
contamination between a portion of the ILC2s and the
CRTH2™ c¢-Kit" ILCs. Although the CRTH2™ ¢-Kit™ popula-
tion was considered to be ILCls, there is some controversy
on this point (12-15). Natural killer (NK) cells identified as
Lin~ CD94" were further divided into CD56™ cytotoxic NK
(cNK) and CD56"" NK cells (Fig. 1B) (16).

The ILC2 population was further subdivided into three
subpopulations; CCR10" ILC2s, c-Kit" ILC2s and c-Kit™
ILC2s, using the expression of CCRI10, c-Kit and CCR6
(Fig. 1C). CCR10" ILC2s were dominantly identified within
the c-Kit positive population (Fig. 1C). As described above, c-
Kit™ ILC2s expressed TSLPR at higher levels than did other
ILC2 subpopulations (Online Fig. S2B). Because TSLPR
expression is induced in ILC2s under activating conditions
(7), it can also be used as an activation marker for ILC2s. In
our panel, additional markers of interest can be assessed in
phycoerythrin (PE) channel. In the validation study presented
here, we measured the expression of inducible T-cell
costimulator (ICOS) in the PE channel. Although ICOS is
reported to be expressed in human ILC2s (17), we found sig-
nificant differences in ICOS expression between ILC2 subpop-
ulations (Online Fig. S2C). For additional validation of the
panel, we used the PE channel to test the expression of
CD161 and CD7, which have been used as pan-ILC2 markers
in previous reports (11, 18) and in OMIP-055 (19). We found

Table 2. Reagents used in the final panel

SPECIFICITY CLONE FLUOROCHROME PURPOSE

CD3 SK7 BV510 Dump/lineage

CD4 RPA-T4 BV510 Dump/lineage

CD14 M5E2 BV510 Dump/lineage

CD19 HIB18 BV510 Dump/lineage

CD34 581 BV510 Dump/lineage

CD123 6H6 BV510 Dump/lineage

CD45 HI30 BUV805 Lymphocyte

CD127 REA614 VioBright515 Total ILC

CRTH2 BM16 AF647 ILC2

c-Kit 104D2 PE/Cy7 CRTH2™ c-Kit" ILCs and ILC2 subpopulation
CCR6 GO34E3 BV421 ILC2 subpopulation

CCR10 1B5 BUV395 ILC2 subpopulation

KLRG1 13F12F2 SuperBright702 CRTH2™ c-Kit" subpopulations

NKp46 9E2 PE/Dazzle594 CRTH2™ c-Kit" subpopulations

NKp44 p44-8 BV786 ILC3 in tonsil

TSLPR 1F11 BB700 ILC2 activation

CD9%4 DX22 APC/Fire750 NK cells

CD56 NCAMI16.2 APC/R700 NK cells and CRTH2™ ¢-Kit" ILC subpopulations
Dead cells NA Live/Dead Fixable Blue Viability

BV510: Brilliant Violet 510, BV421: Brilliant Violet 421, BV786: Brilliant Violet 786, BUV805: Brilliant Ultraviolet 805, BUV395: Brilliant
Ultraviolet 395, BB700: Brilliant Blue 700, AF647: Alexa Fluor 647, PE/Cy7: Phycoerythrin-Cy7 tandem: PE/Dazzle594: Phycoerythrin-
Dazzle594 tandem, APC/Fire750: Allophycocyanin-Fire750 tandem, APC/R700: Allophycocyanin-R700 tandem.
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Figure 1. (A) Gating strategy to identify major ILC populations in peripheral blood. After selection of singlet cells (FSC-A vs. FSC-H) and
live cells (live/dead blue vs. SSC-A), lymphocytes were selected (FSC-A vs. CD45). After lineage-positive (CD3*, CD4*, CD14*, CD19*%,
CD34*, and CD123*) cells were excluded (lineage vs. CRTH2), total ILCs were identified as CD127* CD94~ (CD127 vs. CD94). Total NK cells
were identified as CD94* cells. Among total ILCs, ILC2s, CRTH2™ c-kit* ILCs, and ILC1s (CRTH2™ c-kit™) were gated as indicated (CRTH2 vs
c-kit). (B) Identification of NK cell subsets. Within total NK cells gated as in a, cytotoxic NK (cNK) cells and CD569" NK cells were
identified as CD56" CD127~ and CD56" CD127™, respectively. (C) Identification of ILC2 subpopulations. Within ILC2s identified as in a,
CCR10" ILC2s were identified from the c-kit positive population (left). The remaining CCR10™ cells were named c-kit* ILC2s (c-kit" CCR6")
and c-kit™ ILC2s (c-kit™) as gated (right). (D) Identification of subpopulations within CRTH2™ c-kit* ILCs. Within CRTH2™ c-kit* ILCs, NKp46*
and KLRG1" populations were mutually exclusively identified (far left, red rectangles). As a reference, c-kit* ILC2s and c-kit™ ILC2s showed
high expression of KLRG1 without NKp46 expression. CCR10* ILC2s expressed KLRG1 at a significantly lower level. (E) CD56 expression
in the NKp46* subpopulation of CRTH2™ c-kit" ILCs. Part of the NKp46* population expressed CD56 (left), but at a lower level than
CD56P79M NK cells (right). (F) Applying the panel and gating strategy to human tonsils. Following the gating strategy described in a, total
ILCs were identified in tonsil (bottom) similarly to that in peripheral blood (top). After gating out CRTH2" ILC2s, NKp44* ILC3s were
identified as c-kit* NKp44* in tonsil but not in peripheral blood. [Color figure can be viewed at wileyonlinelibrary.com]

that CCR10-expressing c-Kit" ILC2s expressed a significantly
lower level of CD161 and CD7 than did other ILC2 subpopu-
lations (Online Fig. $2D). Because CCR10" ILC2s are the rar-
est subpopulation within ILC2s, it is possible that using
CD161 or CD7 as surrogate markers for ILC2s might have
led to the exclusion of CCR10" ILC2 populations from the

analyses. It is therefore not advisable to use these markers as
pan-ILC2s markers.

Although the focus of this study was to identify subpop-
ulations within ILC2s, we also attempted to identify subpopu-
lations within CRTH2™ ¢-Kit" ILCs, using the two markers
NKp46 and KLRG1 in the panel. We confirmed that NKp46

Identification of Novel Subpopulations of Human Group 2 Innate Lymphoid Cells in Peripheral Blood
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and KLRG1 were expressed in a mutually exclusive manner
within this population (Fig. 1D). Notably, the frequency of
the KLRG1" NKp46~ population was significantly less than
what has been reported previously (4). Consistent with a pre-
vious report (4), the NKp46* population showed heteroge-
neous expression of CD56, which was slightly weaker than
that of CD56""8" NK cells (Fig. 1E).

Finally, we tested the panel in human tonsil and con-
firmed that total ILCs could be identified by following the
same gating strategy. Because the panel includes antibody for
NKp44, two subsets of ILC3s; NKp44™ and NKp44~ ILC3s,
were identified in tonsil (Fig. 1F, bottom). Although NKp44™
ILC3s were not found in peripheral blood from healthy
donors (Fig. 1F, top), a prior report showed that this popula-
tion emerged in peripheral blood of psoriasis patients (20).
Thus, this panel can be useful for blood phenotyping of ILC
populations in different disease states.

In summary, we report here the first comprehensive flow
cytometry panel for identifying newly described human ILC2
subpopulations in peripheral blood. Additionally, given
TSLPR as the potential activation marker for ILC2s and
NKp44 as a tissue ILC3 marker, as well as the availability of
the PE channel for additional markers of interest, this panel
can serve as a valuable resource for immunophenotyping of
ILC populations in various tissues, such as gut and lung, from
multiple diseases.

SiMILARITY TO OTHER PUBLISHED OMIPs

Whereas OMIP-055 (19) was designed for the simple identifi-
cation of ILC1, ILC2, and ILC3 subsets in human peripheral

blood and cord blood, our panel was designed for identifica-
tion of subpopulations within ILC2s and CRTH2™ c-Kit"
ILCs with recently described novel markers (2, 4). Further-
more, with the use of newly developped fluorochromes and
careful consideration of the impact of spillover spreading, the
panel can provide clear separation between CRTH2" ILC2s
and c-Kit™ CRTH2™ ILCs. Additionally, we made some criti-
cal modifications, including removing CD161 and CD7 from
the panel, as using this marker can pre-exclude the CCR10"
ILC2 subpopulation. By using TSLPR and NKp44, this panel
can also assess the activation states of ILCs, which can occur
in some disease contexts. Regarding NK cell subsets, OMIP-
007, —029, and —038 (21-23) used similar gating strategies.
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1 | BACKGROUND types involved in innate and adaptive immunity. The immune

response to pathogens is orchestrated by the complex cell-cell inter-
The human immune system, a defense mechanism against infectious actions and activities of immune cells. The immune system also
pathogens and tumors, is composed of a large number of diverse cell undergoes dramatic changes in response to various environmental
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@!SAC | CYTOMETRY

Journal of Quantitative Cell Science

factors, as well as aging. For example, naive T cells have consistently
been shown to decline with age [1]. More recently, it has been shown
that CD34" hematopoietic progenitor cells in the blood decline with
age and that telomere length and telomerase activity in HPCs from
elderly donors are reduced [2]. These age-related changes in the
immune system are referred to as “immunosenescence.” Whereas
immunosenescence has been extensively investigated in recent years,

its underlying mechanisms have yet to be understood.

TABLE 1 Summary table for application of this study
Comprehensive immunophenotyping of multiple
Purpose immune cell subsets in human PBMCs
Species Human
Cell types PBMCs
Cross OMIP-033, OMIP-034, OMIP-042, OMIP-063,
references OMIP-064, OMIP-069

Abbreviation: PMBC, peripheral blood mononuclear cell.

Multicolor flow cytometric analysis is a powerful technique that
can be used to better understand immunosenescence. This complex
immunophenotyping technique involves measuring the expression
levels of multiple surface markers and intracellular proteins simulta-
neously and assessing single-cell changes in the immune system that
are associated with aging and diseases. Recently, fluorescence-based
multicolor flow cytometry was shown to simultaneously measure up
to 29 fluorescence parameters [3, 4], offering deeper insights into
human immunology. The combination of conjugated antibody panels
improves analyses of high-dimensional cytometric data [5]. In analyz-
ing high-dimensional data, it is difficult to capture individual character-
istics using a manual gating strategy, and computational approaches
such as clustering and dimensionality reduction are required [6]
(Table 1).

Here, we selected the major immune cell lineage markers listed in
Table 2 to establish a multicolor panel for the comprehensive immuno-
phenotyping of human samples. First, we titrated all antibodies to max-
imize separation between positive and negative cell populations and to

TABLE 2 Reagents used in this study

Dendritic cell lineage

Dendritic cell differentiation

T and B cell differentiation

Dendritic cell differentiation

Plasmacytoid dendritic cell lineage

Monocyte and NK cell differentiation

T cell inhibitory receptor

Dendritic cell differentiation

Specificity Fluorophore Clone Purpose

Viability Ax700 N/A Viability

CD57 FITC NK-1 T cell differentiation
CD127 BB630 HIL-7R-M21 T cell differentiation
CD38 BB660 HIT2 B cell differentiation
CD34 BB700 8G12 HPC lineage

CD1c BB755 F10/21A3

IsM BB790 G20-127 B cell differentiation
CD133 PE Wé6B3C1 HPC lineage

CD11c PE-CF594 3.9

CD56 PE-Cy5 B159 NK cell activation
CD4 PE-Cy5.5 SK3 CD4 T cell lineage
CD27 PE-Cy7 M-T271

IgD APC 1A6-2 B cell differentiation
CD3 APC-Cy7 SP34-2 T cell lineage
CD303 Bv421 V24-785

CD123 BV480 7G3

CD45RO BV570 UCHL1 T cell differentiation
CD138 BV605 MI15 B cell differentiation
CD16 BV650 3G8

CD19 BV711 SJ25C1 B cell lineage

CD24 BV750 ML5 B cell differentiation
PD-1 BV786 EH12.1

CD11b BUV395 ICRF44 Monocyte lineage
CD45 BUV496 Hi30 Leukocytes

CD8 BUV563 RPA-T8 CD8 T cell lineage
CDh141 BUV615 1A4

HLA-DR BUV661 G46-6 Activation marker
1gG BUV737 G18-145 B cell differentiation
CDh14 BUV805 M5E2

Abbreviations: HPC, hematopoietic progenitor cell; NK, natural killer.

Monocyte differentiation
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minimize potential fluorescence leakages into adjacent channels. Fol-
lowing titration of the antibodies, we used the multicolor panel to stain
peripheral blood mononuclear cells (PBMCs) from healthy individuals,
and the samples were analyzed by BD FACSymphony. The obtained
Flow Cytometry Standard (FCS) files were analyzed using FlowJo soft-
ware. The representative plots were created, described as follows
(Figure 1A). PBMC samples were gated on live CD45" single cells, and
each immune cell subset of the PBMCs was divided based on specific
surface markers. Within the lymphocyte gate, T cells were defined as
CD19 CD14 CD56 CD16 CD133 CD3" and then
according to the expression of CD4 and CD8. In addition to providing

separated

markers to define T cells, our panel used the expression levels of CD27
and CD45RO0 to illustrate differentiation statistics, namely pertaining
to naive T cells (CD27"CD45R0O™, no. 15 and 18), central memory T
cells (CD27"CD45RO™, no. 16 and 19) and effector/effector memory
T cells (CD277, no. 17 and 20) [7]. Additionally, this panel was capable
of further phenotyping T cell subsets based on their expression
levels of CD127, CD57, and PD-1. NKT cells were defined as
CD19 CD14 CD56CD3" (no. 14).

We next defined natural killer (NK) cells as CD19~CD14 CD3~ and
HPCs as CD19~CD14 CD56 CD11b HLA-DR CD34" (no. 21). We dis-
tinguished among four NK cell subsets based on their expression levels of
CD56 and CD16 (no. 22, 23, 24, and 25) [8]. Moreover, we were able to
distinguish between various subsets of B cells, monocytes, and dendritic
cells (DCs) by using the following gating strategy. Within the gate for total
cells, B cells were defined as CD14 CD56 CD3-CD19", DCs were
defined as CD14 CD3 CD19 CD56 CD11b HLA-DR™, and monocytes
were defined as CD3 CD19 CD56 CD8 CD34 HLA-DR". Using sur-
face markers including CD27, CD24, CD38, CD138, IgD, IgM, and IgG, B
cells were further divided into various differentiation stages, namely the
naive (CD27 IgD*, no. 1), unswitched memory (CD27"IgD™, no. 2), mem-
ory (CD27"IgD™, no. 3), 1gG" memory (CD27"IgD"IgM~IgG", no. 4),
plasma cell (CD27"IgD " 1lgM CD38"CD138~, no. 5), plasmablast
(CD27"IgD " IgM~CD38"CD138", no. 6), and translational (CD27 CD38*
CD24%, no. 7) stages [9]. Monocytes were further separated into classical
monocytes  (CD14"CD16~, no. 8), intermediate  monocytes
(CD147CD16", no. 9), and non-classical monocytes (CD14 CD16",
no. 10) [10]. DCs were separated into plasmacytoid DCs (CD11c CD123*
CD303", no. 13), CD141" conventional DCs (cDCs; CD11c"CD1c™
CD141", no. 12), and CD1ct cDCs (CD11c"CD141 CD1c™, no. 11) [11].
As explained, the multicolor panel designed in this study covered most of
the cellular components of human PBMCs.

To obtain an overview of the immune subsets in PBMCs from
10 donors in two different age groups, we next conducted a t-SNE
analysis of the immune cell abundance profiles using the
concatenated data from all donors and divided the merged t-SNE
map based on their age (Figure 1B). These results indicated that
our panel was capable of capturing the differences between the
young and elderly groups. Subsequently, we obtained clusters based
on the FlowSOM algorithm and overlaid them onto the t-SNE map
(Figure 1C).
populations onto the t-SNE map (Figure 1D). The frequency of

Furthermore, we overlaid manually gated cell

cluster 16, which displayed a CD8" T cell phenotype, in elderly
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donors was significantly lower than that in young donor
(Figure 1E). We next conducted further t-SNE analysis on CD8" T
cells. The map resulting from the t-SNE analysis of CD8" T cells
from all donors is shown in Figure S2A. The t-SNE map was
divided into young and elderly groups, showing that the number of
naive CD8" T cells (CD27"CD45RO~) was decreased and
that the number of effector/effector memory CD8" T cells
(CD27-CD57~'") was increased in older CD8" T cells (Figure S2B).
In addition to the t-SNE analysis, we built a reference minimal
spanning tree of CD8" T cells from all donors using FlowSOM and
mapped the two age groups onto the reference map (Figure S2C).
The background color of the nodes in the FlowSOM maps illus-
trates meta-clusters and the pie charts indicate the expression
levels of surface markers. As with the t-SNE maps, the differences
in naive CD8" T cell (Cluster 5) and effector/effector memory
CD8" T cell (Cluster 6) clusters between young and elderly subjects
were visually apparent. Subsequently, to examine whether the dif-
ference between two groups was statistically significant, we com-
pared the frequencies of each meta cluster from the FlowSOM
algorithm (Figure S2D). The frequency of Cluster 5 in elderly
donors was significantly decreased, whereas the frequency of Clus-
ter 6 in elderly donors was significantly increased compared with
that in young donors. To further evaluate similarities among donors,
we conducted Principal Component Analysis (PCA) based on the
frequencies of FlowSOM-meta-clusters (Figure S2E). The resulting
PCA map showed that donors were separated into two groups by
age. However, further studies are needed, as the sample size was
insufficient for confirming that observation.

In conclusion, the panel designed in our study is an effective tool
for analyzing age-related changes in each cell subset. This panel might
be applicable to studies of infectious and autoimmune diseases, as
patient samples are usually limited in volume and require an analysis
system that provides a relatively large amount of information. For
example, many recent reports have shown that changes in immune
responses with aging are involved in the severity and the mortality of
COVID-19 [12-15]. It has been reported that the severity of disease
in COVID-19 is associated with changes in the number of lympho-
cytes [16-18], and this panel could be applied to the analysis of
immune dynamics against COVID-19 and is potentially useful for the
prediction of disease severity. We showed that high-dimensional flow
cytometric analyses such as dimensionality reduction and clustering
methods are able to detect immune dynamics with high sensitivity.
Our comprehensive analysis panel could have potential applications in

clinical trials.

2 | SIMILARITY TO PUBLISHED OMIPS

There are many panels that identify major immune cell populations
such as OMIP-33, 34, 42, 63, and 69 [19-23]. In particular, this panel
overlaps with recent OMIP-69. However, this panel uniquely includes
CD34 and CD133 which enable the detection of HPCs. HPCs are
scarce cell populations in blood, and being able to analyze them
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simultaneously with other cell populations is important in terms of

sample volume limitations.

3 | STATEMENT OF ETHICAL USE OF
HUMAN SAMPLES

The study protocol and procedures employed were reviewed and
approved by the local institutional ethics committee (National Insti-
tutes of Biomedical Innovation, Health and Nutrition, Osaka, Japan)
and were followed in compliance with the Declaration of Helsinki
1975; all participants provided written informed consent.
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