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Abstract

Characterization of immune cells is essential to advance our understanding of immu-
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nology and flow cytometry is an important tool in this context. Addressing both cellu-
lar phenotype and antigen-specific functional responses of the same cells is valuable
to achieve a more integrated understanding of immune cell behavior and maximizes
information obtained from precious samples. Until recently, panel size was limiting,

Funding information resulting in panels generally focused on either deep immunophenotyping or func-
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integrated analyses. Here, we optimized immune phenotyping by co-detection of
markers covering chemokine receptors, cytokines and specific T cell/peptide tetra-
mer interaction using a 32-color panel. Such panels enable integrated analysis of cel-
lular phenotypes and markers assessing the quality of immune responses and will

contribute to our understanding of the immune system.
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1 | INTRODUCTION

The human immune system is complex and to understand the patho-
genesis of infectious diseases, autoimmunity and cancer it is essential

to characterize the cells involved. Immune phenotyping by flow

Marjolein van Wolfswinkel, Krista E. van Meijgaarden, Paula Niewold and Simone A. Joosten
contributed equally to this work.
The content is solely the responsibility of the authors and does not necessarily represent the

official views of the National Institutes of Health. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

cytometry is one of the available tools and has contributed many
insights since its inception in 1968 [1]. As our knowledge of immune
markers and cellular phenotypes is increasing, so is the number of
markers required for accurate cell phenotyping. Recent developments
of (spectral) flow cytometry technology and associated fluorophore
availability have made high-dimensional flow cytometry more accessi-
ble [2]. New challenges associated with designing 30+ parameter flow
cytometry panels are being tackled by many immunologists and com-
panies resulting in the development of larger ‘optimized multicolour
immunofluorescence panels’ (OMIP) [3-5]. OMIP-069 elegantly

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Cytometry Part A published by Wiley Periodicals LLC on behalf of International Society for Advancement of Cytometry.

600 wileyonlinelibrary.com/journal/cytoa

Cytometry. 2023;103:600-610.


https://orcid.org/0000-0002-9614-4601
mailto:p.niewold@lumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/cytoa
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcyto.a.24727&domain=pdf&date_stamp=2023-03-10

van WOLFSWINKEL et AL.

described the use of 40 colors for deep immunophenotyping of
human peripheral blood, and with this and similar panels one can
detect all known major cell subsets [5-8]. However, to comprehen-
sively study antigen-specific responses, which is pivotal to under-
standing disease outcomes, measurement of cytokines or addition of
tetramers to immunophenotyping panels is required [9-12]. Unfortu-
nately, additional markers often cannot simply be added to existing
panels as this may impact panel performance. Therefore, we aimed to
develop and optimize a panel combining detailed immunophenotyping
with assessment of antigen-specific responses.

In this panel, a tetramer, two cytokines and several surface
markers have been added to general phenotyping markers to assess
antigen-specific responses within the context of broader immune
characterization. Tetramers are great tools to enumerate antigen spe-
cific T-cells and are available for many MHC class | alleles. Although
this paper focusses on HLA-E specific tetramers, as that is our particu-
lar research interest, the workflow developed here should be applica-
ble to other tetramers as well. HLA-E presented peptides are of
particular interest for vaccine development as the HLA-E molecule is
a non-polymorphic class 1b molecule and therefore considered an
interesting antigen presentation molecule to target responses in the
global population [13, 14]. HLA-E plays a role in the innate immune
system, by presenting signal sequence peptides from class la alleles to
the NKG2A/CD9%4 complex to inhibit NK mediated lysis, but also
serves as antigen presentation molecule for pathogen derived pep-
tides to T cells in the adaptive immune response [15]. Prezzemolo
et al. described the ex vivo detection of HLA-E-peptide specific T cells
by HLA-E tetramers in combination with cytokines, using smaller, par-
tially overlapping, panels of up to 12 markers [12].

The markers incorporated in the panel reported here were
selected to identify the main leukocyte lineages in the blood (B cells, T
cells, NK cells, monocytes) as well as their differentiation and activa-
tion status. The following lineage markers were included: CD19 and
CD20 for the identification of B cells, CD14 for monocytes, CD56 for
NK cells and CD3, CD4, CD8, TCRap and TCRyS for the main T cell
populations [16]. Co-expression of CD3 and CD56 can be used to
identify NKT cells [17]. Next, markers required to refine differentia-
tion status or identify additional subsets within these lineages were
incorporated. Within the NK cell population differentiation is defined
by CD16 and CD56 expression, while for B cells CD27 and IgD are
used to identify naive and class-switched subsets [18-20]. Monocytes
are subdivided into classical, non-classical and intermediate subsets
based on CD14 and CD16 in combination with CCR2 and CX3CR1
expression [21-23]. CD45RA and CCR7 were included to aid classifi-
cation of T cells into naive, central memory, effector memory and ter-
minal effector memory populations, and CD27 and CD28 to identify
the differentiation stages within these populations [24, 25]. In addi-
tion CXCR3, CCR4 and CCRé6 were incorporated to distinguish Th1,
Th2 and Th17 T cells, respectively [24, 26]. CD95 was included as a
marker for antigen-activated T or stem cell-like memory T cells, and
CD62L was added as a homing marker [27]. CD25 identifies regula-
tory T cells as well as activated B and T cells, and HLA-DR is
expressed on monocytes, B cells and activated T cells [16, 24]. CD38
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expression is found on monocytes, NK-, T- and B cells [16]. NKG2A is
an inhibitory receptor expressed on NK cells, while NKG2C is an acti-
vation receptor within this lineage [18]. CD85d and CD85j are inhibi-
tory receptors for HLA-molecules which can be expressed by both
monocytes and B cells [28-31]. To address antigen-specific responses
HLA-E/Mycobacterium tuberculosis-peptide tetramer was incorpo-
rated, while antigen-induced cytokine production was assessed by
intracellular detection of IFN-y and TNF-a.

Here, we describe a 32-color panel consisting of 23 markers phe-
notyping most major cell subsets in human PBMC samples, and 9 addi-
tional markers addressing HLA-E specific T cell interactions and
cytokine production. This paper addresses the optimization of a panel
combining chemokine receptors, surface markers, cytokines and tetra-
mers. Development of this workflow enables immunophenotyping of
human PBMC while measuring cytokine production of antigen-
specific cells, thus allowing for comprehensive assessment of cellular

phenotype and function within the same sample.

2 | MATERIALS AND METHODS

21 | Donors

Samples used in these experiments were obtained from buffy coats
collected from anonymous healthy blood bank donors (Sanquin Blood-
bank, the Netherlands), with informed consent. Peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll-Amidotrizoate
(Pharmacy LUMC, Leiden, The Netherlands) density centrifugation,
cryopreserved in Roswell Park Memorial Institute (RPMI) 1640
medium (Thermo Fischer, Life Technologies Europe B.V., Bleiswijk,
The Netherlands) containing 20% fetal bovine serum (FBS; Capricorn
Scientific, Ebsdorfergrund, Germany) and 10% dimethyl sulfoxide
(DMSO; Honeywell, Seelze, Germany) and stored in liquid nitrogen
until further analysis. Experiments for panel optimization were per-
formed on three to five donors and the panel was validated on PBMC
from an additional 5 independent donors.

2.2 | Sample preparation and stimulation

PBMC samples were thawed and rested for 90 min in RPMI/10% FBS
with 0.2 mg/mL DNase | (Roche Diagnostics GmbH, Mannheim,
Germany) at 37°C with 5% CO,. Cells were washed (10 min, 450 x g)
and counted with the CASY cell counter (Roche Diagnostics GmbH,
Mannheim, Germany).

Cells were stimulated at 4 x 10° cells/mL with 2 ug/mL of staphy-
lococcal enterotoxin B (SEB; Toxin Technology, Sarasota, USA) in
RPMI/10% FBS in 5 mL round-bottom tubes. Brefeldin A (3 pg/mL,
Merck KGaA, Darmstadt, Germany) and monensin (1:1000, Biole-
gend, Amsterdam, The Netherlands) were added after 6 h and cells
were left overnight at 37°C with 5% CO,. Cells were then harvested
and washed with phosphate buffered saline (PBS; Fresenius Kabi
Nederland B.V., Huis ter Heide, The Netherlands).
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For stimulation with phorbol myristate acetate (PMA; Focus Bio-
molecules, Plymouth Meeting, USA) and lonomycin (Focus Biomole-
cules, Plymouth Meeting, USA), cells were stimulated at 4 x 106 cells/
mL with 400 ng/mL of lonomycin and 5 ng/mL of PMA in RPMI/10%
FBS in 5 mL round-bottom tubes. Brefeldin A (3 pug/mL) and monensin
(1:1000) were added after 2 h and cells were left at 37°C with 5%
CO,, for 4 h in total. Cells were then harvested and washed with phos-
phate buffered saline (PBS; Fresenius Kabi Nederland B.V., Huis ter
Heide, The Netherlands).

2.3 | Flow cytometry basic optimization and
marker description

Antibody titration, reference control optimization, autofluorescence
correction and the addition of the Brilliant Stain buffer and True-Stain
Monocyte Blocker were performed as described in OMIP-069 [5].
Cells rather than beads were used as reference controls to minimize
unmixing inaccuracies [5]. For less abundant markers, such as TCRy&
and tetramer, at least 5 x 10° events were acquired to accurately
determine the positive population. All antibodies were titrated sepa-
rately but the final concentration used was adapted, if needed, based
on comparison of the single stain to a fully stained sample. Monocyte
autofluorescence was corrected using the autofluorescence extraction
option on the Aurora flow cytometer. Fluorescence minus one (FMO)
controls were used to evaluate and solve final unmixing errors and
spread impact. Detailed information on markers, clones, dilutions and
manufacturers is provided in Table SS1. Due to availability issues with
Pacific Orange CD20 (HI47), this antibody was replaced with the
BV570 CD20 (2H7) antibody. Therefore the donor shown in Figure 1
and Figure SS1 and SS2 is stained with the Pacific Orange CD20 and
the donors shown in Figure 3, 4 and Figure SS3 and SS4 were stained
with BV570 CD20. HLA-E*01:03 tetramers were produced in-house
as previously described [12, 32], and loaded with Mtb-peptides
34 (VMTTVLATL) or 62 (RMPPLGHEL) [33].

24 | Flow cytometry staining

Approximately 2 x 10° cells per sample were stained with a live/dead
marker according to manufacturer's instructions (Invitrogen Live/Dead
Fixable Blue, Thermo Fischer, Life Technologies Europe B.V., Bleis-
wijk, The Netherlands) and blocked with 10 pg/mL purified CD%4
mAb (Clone HP-3D9, BD Biosciences, Erembodegem, Belgium) in PBS
for 30 min at room temperature (RT) in the dark. Cells were then
washed (5 min, 450 x g) with PBS containing 0.1% bovine serum albu-
min (BSA; Roche Diagnostics GmbH, Mannheim, Germany), blocked
with 5% pooled normal human serum in PBS for 10 min at RT to block
Fc receptors and washed once with PBS/0.1% BSA. Cells were subse-
quently incubated with a cocktail containing True-Stain Monocyte
Blocker™ (1:20, BioLegend, Amsterdam, The Netherlands), Brilliant
Stain Buffer Plus (1:10, BD Biosciences, Erembodegem, Belgium) and
chemokine receptor antibodies (CCR2, CCR4, CCR6, CCR7, CXCR3

and CX3CR1) in PBS/0.1% BSA for 30 min at 37°C in the dark. After
incubation, cells were washed once with PBS/0.1% BSA. When tetra-
mer staining was performed, cells were incubated with a combination
of two HLA-E tetramers (5.4 pg/mL per tetramer) in PBS/0.1% BSA
for 30 min at 37°C in the dark, washed once with PBS/0.1% BSA,
fixed with 1% paraformaldehyde (Pharmacy LUMC, Leiden, The
Netherlands) for 10 min at RT and washed once with PBS/0.1% BSA.
Cells were subsequently stained with a cocktail containing Brilliant
Stain Buffer Plus (1:10) and the surface antibodies CD3, CD4, CDS8,
CD14, CD16, CD19, CD20, CD25, CD27, CD28, CD38, CD45RA,
CD56, CD62L, CD85d, CD85j, CD95, HLA-DR, IgD, NKG2a, NKG2c,
TCRap and TCRyS in PBS/0.1% BSA for 30 min at 4°C in the dark.
Upon PMA/ionomycin stimulation, CD3, CD4 and CD8 were not
included in the surface staining cocktail, but in the ICS staining. After
incubation, cells were washed twice with PBS/0.1% BSA. When ICS
was performed, cells were fixed for 15 min at RT with fixation
medium A (Nordic MUbio, Susteren, The Netherlands), washed twice
with PBS/0.1% BSA and stained with ICS antibodies IFN-y and TNF-«
in permanent non-saponin based permeabilization medium B (Nordic
MUbio, Susteren, The Netherlands) for 30 min at RT in the dark. Cells
were washed twice with PBS/0.1% BSA at 650 x g followed by fixa-
tion with 1% paraformaldehyde for 10 min at RT. Cells were washed
twice with PBS/0.1% BSA, resuspended in PBS/0.1% BSA and
acquired on a 5 L Cytek®Aurora (Cytek Biosciences, Fremont, CA,
USA) at the Flow cytometry Core Facility (FCF) of Leiden University
Medical Center (LUMC) in Leiden, Netherlands.

2.5 | Data analysis

Data was analyzed using FlowJo v10.8.0 and OMIQ analysis software
(www.omig.ai). Within OMIQ, the data was first manually gated to
remove debris, aggregates and dead cells. On the live singlets, a
UMAP followed by a FlowSOM was performed to visualize and clus-
ter the data. All markers except the live/dead stain, tetramer, IFN-y
and TNF-a were included in the UMAP settings. A heatmap was gen-
erated to translate the clusters to known cell populations. Only clus-

ters with >100 cells were included for visualization.

3 | RESULTS

The possibilities for multiparameter flow cytometry are rapidly
expanding and developing, and optimizing a panel tailored to specific
research questions presents challenges. Here, the workflow to opti-
mize simultaneous detection of cell lineage markers, activation
markers, chemokine receptors, peptide-MHC tetramers and intracel-
lular cytokines is described. As each of these markers and analytes has
their own characteristics and requirements, staining for each marker
category was optimized separately, prior to incorporation into the
combined protocol. The panel (Table 1) was optimized on PBMC sam-
ples from healthy blood bank donors, which were stimulated with

staphylococcal enterotoxin B (SEB) to analyze performance of surface

85U8017 SUOWILIOD BAIERID 3|qedldde au Aq peusencb afe sajolle YO ‘8sN JO Sa|N. 10} Akeud8ulJuO /8|1 U (SUOTIPUOD-pUe-Sw.s/woo A3 1M AreIq 1 Ul [U0//Sd1y) SUORIPUCD pue sWe | 8 89S *[£202/80/T0] U0 AriqiTauliuo ABIM ‘WwplJo AiseAun Aq 2z/vz e 01A0/200T OT/I0p/wod A8 1M Afeiq1jul|uoy/sdny wolj papeojumod ‘. ‘€202 ‘06125ST


http://www.omiq.ai

van WOLFSWINKEL et AL.

markers as well as cytokine production in combination with HLA-E

peptide specific tetramer frequencies.

3.1 | Chemokine receptors

Firstly, the impact of temperature on staining intensity and separation
of positive and negative populations of chemokine receptors CCR2,
CCR4, CCR6, CCR7, CXCR3 and CX3CR1 was tested at 4°C vs 37°C
(Figure 1A). For CCR2, CCR4, CCR7 and CXCRS3 staining at 37°C
increased sensitivity and separation of the positive signal (MFI CCR2*
6413 (4°C) vs 12,658 (37°C); MFI CCR4" 6731 (4°C) vs 10,033
(37°C); MFI CCR6™ 2192 (4°C) vs 2620 (37°C); MFI CCR7" 2347
(4°C) vs 4352 (37°C); MFI CXCR3™" 1122 (4°C) vs 1485 (37°C)). For
CX3CR1, the advantages in staining intensity when staining at 37°C
were limited but does not favor staining at 4°C either (MFI CX3CR1*
1525 (4°C) vs 1766 (37°C)). For all chemokine receptors, except
CX3CR1, the negative population did not differ from the unstained
sample when staining was performed at either 4 or 37°C. For CX3CR1
a minimal shift of the negative population was observed irrespective

of the staining temperature.

3.2 | Tetramer staining

Optimal detection of peptide-specific T cell frequencies with tetra-
mers on PBMC samples is performed at 37°C [12]. To specifically
investigate HLA-E - T cell interactions, HLA-E tetramer staining pro-
tocols include blocking of CD94 molecule to prevent tetramer
HLA-E - NKG2/CD94 interactions [12]. To prevent loss of tetramer
signal, a fixation step is performed immediately after tetramer stain-
ing, before staining of the remaining surface markers [34]. This fixa-
tion step did not notably impact the resolution of markers added in
the subsequent staining steps (Figure S1). The effect of simultaneous
staining on the performance of tetramers and chemokine receptors
(CCRs) on T cells is shown in Figure 1B,C. PBMC samples were
stained with the full surface panel including either only tetramer
staining, only CCR staining (with CCR2, CCR4, CCR4, CCR7, CXCR3
and CX3CR1) or combined in the following order; simultaneous
staining of tetramer and CCRs, staining tetramer first and CCRs sec-
ond and vice versa. As performance of the tetramer and CCR4 were
impacted most by the staining order, representative dot plots of
these markers are shown for each staining order compared to tetra-
mer only and CCRs only (Figure 1B). Dot plots of CCR2, CCRé,
CCR7, CXCR3 and CX3CR1 are shown in Figure SS2. When CCRs
and tetramer were incubated together or when tetramer staining
was followed by CCR staining (Figure 1B, top row), there was a clear
loss of tetramer signal, compared to tetramer only staining. Staining
CCRs first, followed by tetramer staining, resulted in equal detection
and sensitivity compared to the optimal ‘tetramer only’ signal. The
impact of the staining order on the performance of the anti-CCR4
antibody is shown in the lower panel of Figure 1B. Compared to

CCR only staining, a shift of the total CCR4 population was observed
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when CCR staining was applied after tetramer staining, this was not
observed when CCR staining was performed prior to tetramer stain-
ing. The same pattern was observed for the other CCRs with no loss
of signal for chemokine receptors or the tetramer when chemokine
receptor staining was performed prior to tetramer staining
(Figure 1C, Figure S2), establishing this as the most optimal staining

order.

3.3 | Intracellular staining

The next step was the addition of cytokine detection. Intracellular
IFN-y and TNF-a staining was combined with tetramer staining and
performance of these markers was compared to staining with either
only tetramer or only intracellular detection of cytokines (Figure 1D).
The frequency of tetramer positive cells remained constant, 0.41%
without vs 0.40% with intracellular cytokine staining (Figure 1D, top
row). Furthermore, for both cytokines tested we did not observe loss
of signal or cell frequency when tetramer staining was performed
prior to the intracellular staining compared to staining without tetra-
mer (TNF-a 6.79% vs 6.46% and IFN-y 0.71% vs 0.71%). Thus, both
abundant and less frequently produced cytokines could be detected
in combination with low frequencies of tetramer positive cells and
neither tetramer nor intracellular staining performance was affected
by co-staining.

The optimal order for detection of chemokine receptors, tetra-
mers and intracellular cytokines was determined based on the results
described above and is depicted in Figure 2. The main staining proce-
dure is shown in white and includes live/dead staining, blocking with
human serum, the use of brilliant stain buffer and monocyte blocker,
chemokine receptor and surface marker staining and finally fixation of
the samples. Steps that need to be included in the workflow for tetra-
mer staining are indicated in blue and include tetramer staining and an
additional fixation step. The CD94 block is added specifically to inves-
tigate HLA-E - T cell interactions. In yellow, the standard steps for
intracellular target detection are shown in the appropriate place in the
staining hierarchy.

3.4 | Panel performance

In the design and application of large flow cytometry panels, such as
the one described here, data analysis needs to be considered upfront.
Manual gating was performed to show all main cellular subsets that
could be identified on a SEB-stimulated sample (Figure 3), the unsti-
mulated control sample is shown in Figure SS3. Irregular events, dou-
blets and dead cells were excluded (Figure 3A-C). FCS vs SSC was
used to separate monocytes and lymphocytes within the live cell pop-
ulation (Figure 3D). While the number of monocytes is reduced as a
result of overnight stimulation, this panel could distinguish the differ-
ent monocyte subsets, classical, non-classical and intermediate mono-
cytes based on CD14 and CD16 expression (Figure 3E). Subsequent
assessment of the expression of chemokine receptors CCR2 and
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Blue: Including TM
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Wash (PBS/0.1% BSA) | 450xg, 5 min

Tetramer staining

CCR antibodies staining

30 min, 37°C
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dimension flow cytometer

Sample acquisition at spectral or other high

FIGURE 2 Optimal workflow for the detection of chemokine receptors, tetramers and intracellular cytokines. Based on the optimization
steps performed, a workflow has been generated for the optimal staining conditions and order. In black, the primary workflow is shown. On the
right, the additional steps for tetramer staining (in blue) and ICS (in yellow) are shown, which can be added to the protocol accordingly. [Color

figure can be viewed at wileyonlinelibrary.com]

CX3CR1 confirmed the classification of these subsets and differential
expression of LILRB receptors CD85d and CD85j could be visualized
[22, 23, 29-31]. Within the lymphocyte population, B cells with CD19
and CD20 expression profiles were detected and divided into class-

switched, naive or memory B cells based on CD27 and IgD

(Figure 3F). Markers such as CD25, CD38 and CXCR3 could be
explored in the B cell lineage to confirm or extend subset definitions.
The lymphocyte subset was further explored using CD3 and CD56 to
distinguish T cells, NK cells and NKT cells (Figure 3G). All major NK
cell subsets were identified by assessing CD56, CD16, NKG2a and

FIGURE 1

Staining conditions and combinations tested for chemokine receptors, tetramers and cytokines. The optimal staining temperature

and order was tested for chemokine receptor antibodies (CCRs), tetramers (TMs) and antibodies for intracellular cytokines, separately and
combined. Data is shown for one representative donor out of three. (A) The impact of temperature on CCR staining was tested by comparing
staining at 4°C (blue) and 37°C (orange). The histogram overlays represent an unstained sample (gray) and single stained samples of each antibody
(1:100 dilution unless otherwise specified), gated on all live cells. (B) The effect of staining order of CCRs and TM was tested by staining PBMC
samples with all surface markers including TM (blue), CCRs (orange) or CCRs and TM together in different orders (black). The top graphs
represent the frequency (%) of TM™ cells and the bottom graphs the CCR4™ cells for the CD3* T-cell population. (C) The performance of all CCRs
when stained prior to TM staining is plotted as a bar chart showing the frequency of positive events on all live cells for each marker (black bars),
compared to staining with CCRs only (orange bars). (D) Combination of intracellular staining (ICS) and TM staining (black) was compared to ICS
only (orange) and TM only (blue) with the frequency of TM* cells (top row), TNF-a* cells (middle row) and IFN-y ™ cells (bottom row). Samples
were gated on CD3™ cells. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Manual gating strategy for SEB stimulated PBMC samples identifying main cell subsets. Gating for one representative donor out
of 10 is shown. (A - C) Doublets, debris and dead cells exclusion based on the FSC, SSC and live dead staining. (D) Monocytes and lymphocyte
separation by FSC vs SSC. (E) Monocyte subset classification and characterization based on CD14, CD16, CCR2, CX3CR1, CD85d and CD85;.
(F) B cell detection by CD19 and CD20 within the lymphocyte population, including further memory subset classification by IgD and CD27.

(G) CD3 and CD56 staining to separate lymphocytes into NK cells, T cells and NKT cells. (H) The different NK cell subsets based on the
differential expression profiles of CD56, CD16, NKG2a and NKG2c. (I) Combination of IFN-y detection and tetramer staining within the CD3"
population. (J) TCRy8" and TCRap™ staining of T cells. (K) CD4" and CD8™ T cells gated within the TCRap™ population. (L - M) Classification of
CD4 (L) and CD8 (M) memory subsets based on CCR7, CD45RA, CD27, CD28, CD62L and CD95, including functional differences assessed by
the expression of CD25, CCR4, CCR6 and CXCRS3 and cytokine detection within the effector memory subset. (N) HLA-DR and CD38 expression
of all main cell subsets. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 High dimensional data analysis visualizing the main subsets by UMAP and FlowSOM. Data analysis was performed on SEB
stimulated PBMC samples. Only clusters with >100 cells were included for visualization. (A) All markers except for live/dead, tetramer, IFN-y and
TNF-a were included in the UMAP settings and the resulting parameters were used to cluster the data by FlowSOM. Analysis was performed on
four donors. (B) Density plots of four donors representing the individual samples. (C) The 27 metaclusters generated by FlowSOM were
translated into known cell populations using the clustered heatmap. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Markers included in the panel. Overview of markers
included per staining step and purpose of inclusion

Marker Purpose

Live/dead staining
Live/dead Viability

Chemokine receptor staining
CCR4 T cell differentiation
CCR6 T cell differentiation
CCR7 T cell differentiation
CXCR3 T cell differentiation
CCR2 Monocyte differentiation
CX3CR1 Monocyte differentiation

TM staining
HLA-ETM Identifying HLA-E restricted T cells

Surface staining

CD3 T cells
CD4 T cells
CD8 T cells
TCRap T cells
TCRy& T cells
CD45RA T cell differentiation
CD27 T and B cell differentiation
CD28 T cell differentiation
CD95 T cell differentiation, apoptosis marker
CDé62L T cell differentiation
CD25 Activated and regulatory T and B cells
NKG2a NK cells
NKG2c NK cells and CD8 T cells
CD56 NK cells
CD16 Monocyte and NK cell differentiation
CD14 Monocytes
CD85d Monocytes and B cells
CD85j Monocytes and B cells
HLA-DR T cell and monocyte activation
CD38 T cell, B cell and monocyte activation
CD19 B cells
CD20 B cells
gD B cell differentiation
Intracellular staining
IFN-y Cytokine
TNF-« Cytokine

NKG2c receptor expression (Figure 3H) [18]. Within the CD3™ popu-
lation, detection of IFN-y and tetramer staining is compatible
(Figure 31). Within the T cell subset, TCRoap T cells (97.4% of CD3"
cells) and TCRyS T cells (1,68% of CD3" cells) were identified
(Figure 3J). TCRap positive cells were then classified as CD8™ T cells
(Figure 3K,L) and CD4" T cells (Figure 3K,M). Each of these subsets

could be divided into naive, central memory, effector memory and
effector cells by studying the expression of CD45RA, CCR7 and/or
CD27; addition of CD28 and CD62L was used to dissect further sub-
sets within the central memory and effector memory populations
(Figure 3L,M). Within the CD4™" effector memory subset, presence
of IFN-y (2,45%), TNF-a (3,61%) or both (1.12%) are shown
(Figure 3M). Regulatory T cells were identified by CD25"8" expres-
sion (Figure 3M) and characterization of more T cell subsets with
functional differences included CD95, CCR4, CCR6 and CXCR3
(Figure 3L,M). Expression of HLA-DR and CD38 on the main lineages
is shown in Figure 3N. PMA and ionomycin are often used as strong
T cell stimulus, therefore panel performance following this stimulus
was also assessed (Figure S4). All populations could still be identified,
but CD3, CD4 and CD62L on T cells, NKG2c on NK cells, and CD16
on both monocytes and NK cells were downregulated substantially
in line with reports in the literature [35, 36]. As expected, PMA and
ionomycin stimulation resulted in a large cytokine producing T cell
population.

While it is possible to manually gate the data produced by high-
dimensional panels, as demonstrated in Figure 3, analysis algorithms
can be used to achieve more comprehensive data. Here OMIQ soft-
ware was used to visualize all main subsets, that were also character-
ized by manual analysis in Figure 3, through UMAP for dimensionality
reduction and FlowSOM as unsupervised clustering method
(Figure 4A). These data are based on the combination of four different
donors (density plots shown in Figure 4B). The following clusters were
identified: CD4" (metacluster 1 to 8) and CD8" (metacluster 9 to 15),
TCRy8" T cells (metacluster 16), NK cells (metacluster 17), B cells
(metacluster 18 and 19) and monocytes (metacluster 20 to 23). The
unique (memory) subsets of the main cellular lineages were captured
in a clustered heatmap (Figure 4C).

4 | DISCUSSION

Multi parameter (spectral) flow cytometry is needed to study and
understand the diversity of the immune response in relation to health,
disease, treatment or responses to vaccination. Recently, the access
to tools and technology has increased and multiple 30+ parameter
flow cytometry panels for human PBMC samples have been pub-
lished. However, so far, panels combining broad immunophenotyping
with readouts of cellular function in response to stimulation are
scarce. When designing flow cytometry panels, selection of the opti-
mal combination of markers and fluorophores yielding high quality
data is one of the main concerns (this has been described extensively
elsewhere [3, 4, 37]). However, optimizing staining conditions during
implementation of the panel is equally important. Many markers have
specific staining requirements that need to be performed in a certain
order to retrieve data of high quality. This paper describes an opti-
mized workflow to stain human PBMC samples with a 32-color panel
consisting of surface markers, chemokine receptors, MHC-peptide

tetramers and intracellular cytokines.
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It is well established that staining certain chemokine receptors at
37°C improves signal [38-40], which we have confirmed for CCR2,
CCR4, CCR6, CCR7 and CXCR3 in our panel, while the CX3CR1
expression level was unaffected by temperature. HLA-E-peptide com-
plexes also require staining at 37°C and fixation immediately thereaf-
ter to retain signal [12, 34]. Fixation may introduce possible loss of
detection of surface markers but after HLA-E peptide tetramer stain-
ing we did not experience noteworthy loss of surface markers or
intensity based on the fixation. Staining order significantly impacted
detection of TM+ events; staining of CCRs simultaneously with tetra-
mer or following tetramer negatively impacted detection of tetramer
specific T cell receptors. Our data has shown that if tetramer staining
was performed after CCR staining, even low frequency peptide spe-
cific HLA-E restricted T cells could be detected. Intracellular cytokine
staining after tetramer staining did not impact the quality of either tet-
ramer or cytokine detection compared to staining for these markers
separately. Cytokine and tetramer double positive events are minimal
here as stimulation was performed with SEB to boost overall cytokine
production rather than activating Mtb-specific cells detected by the
tetramer, which are rare in healthy donors in a low TB endemic coun-
try like the Netherlands. After stimulation, we did observe reduced
quality of CXCR3 and CCRé6 staining compared to the unstimulated
sample, but this is likely due to the lack of receptor recycling specifi-
cally for these chemokine receptors [41, 42].

When working with large panels it is crucial to understand the
dynamics of marker interactions within the panel and control for assay
variations in order to obtain robust results. This requires establishment
of proper controls for the flowcytometric analyzer used and acquisition
of the cells, e.g. fluorescence minus one controls (FMO), reference con-
trols and, if possible, to consider including an autofluorescence control
for monocytes. With regards to these controls, we found that acquiring
a sufficient number of cells to ensure proper identification of the posi-
tive population, particularly for markers with small positive percentages,
was essential for accurate unmixing. In addition, in our hands, using
cells as staining controls gave superior unmixing results for all markers
compared to beads, although others have reported success with bead
controls for certain markers [5]. Addition of the brilliant stain buffer
and a monocyte blocker improved the quality of the data by overcom-
ing issues with the chemical properties of the antibodies. The brilliant
stain buffer prevents interactions between different brilliant violet and
brilliant UV dyes whereas the monocyte blocker particularly prevents
non-specific binding of cyanine-based tandem dyes to monocytes. Fur-
thermore, for tetramer staining and cytokine detection, it is important
to evaluate the responses within a consistent timeframe after staining.
As demonstrated, the aforementioned optimization steps for this panel
resulted in high-quality data with separation of cell phenotypes both by
manual gating and unsupervised clustering analysis.

Our 32-color panel includes chemokine receptors and surface
markers as well as more functional tetramer and cytokine detection,
allowing identification of all main cellular lineages within one sample
with simultaneous antigen specific and cytokine readout. We believe

such panels are required to study the repertoire of immune cells and
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will contribute to expanding our understanding of disease states,

treatment effects or vaccine induced responses.
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