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Multicolor flow cytometry is a technology of choice for phenotyping of immune cells,
and it can be used routinely for the follow up of patients in clinical trials. But it is chal-

lenging to define combinations of conjugated antibodies that efficiently allow the

detailed analysis of major immune cell subsets and the identification of rare cell popu-
lations. In a collaborative work among the Immunology, Immunopathology, Immuno-

therapy (I’) laboratory, and the laboratory of immunomonitoring in oncology (L.1.O),

we developed and validated 12 different 10-color flow cytometrly panels that allow the
deep immunophenotyping of cells from whole blood for the follow up of autoimmune

and cancer patients. Here, we describe these optimized flow cytometry pranels, showing
that they provide the advanced analysis of T cells (including regulatory T cells), B cells,

NK cells, MAIT cells, myeloid cells, monocytes, and dendritic cells. Most of the panels
have been dried to improve standardization of the labeling and the entire procedure
can be performed on less than 2 ml of whole blood. These deep immunophenotyping

flow cytometry panels constitute a powerful tool for the monitoring of immune blood
cells and will hopefully lead to the discovery of new biomarkers and potential thera-

peutic targets in autoimmune and cancer clinical trials.

Key terms
human immunology; flow cytometry; immunomonitoring; immunophenotyping; deep
phenotyping; clinical studies

IN clinical trials, analysis of immune cell populations is becoming more and more
prevalent, especially in studies focusing on pathologies related to immune disorders,
either exacerbated immune system activation leading to autoimmunity (1), or in
contrast insufficient or inadequate immune responses allowing the growth of tumors
(2); but also in cohorts of patients treated with immunotherapies such as in oncol-
ogy (3). Despite the success of immunotherapy in autoimmune diseases or cancer,
clinically actionable biomarkers to aid patient and regimen selection are lacking and
well-validated biomarkers that can be effectively implemented in the clinic are
required (4).

Flow cytometry has become the technology of choice for the monitoring of
immune cells as it provides the possibility to analyze a large number of parame-
ters simultaneously, in a short time and for a reasonable cost rendering flow
cytometry feasible for a routine clinical use. Therefore, many cell subsets can be
identified, but it requires establishing complex combinations of conjugated anti-
bodies to optimally distinguish populations of interest (5). With the increasing
number of available antibodies and the new generation of cytometers, the fre-
quent description of new subpopulations, and new discoveries about the role of
different cell subsets or molecules in pathologies, it is a time-consuming and
challenging process to define relevant and optimized panels of flow cytometry for
clinical trials and translational research (5).
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Figure 1. Schematic representation of the populations targeted by the flow cytometry deep immunophenotyping. Each colored and
framed population name is studied by a specific panel. The Numeration panel, represented in the white frame, contains counting beads
and allows the identification and quantification of all populations annotated in blue. [Color figure can be viewed at

wileyonlinelibrary.com]

The Transimmunom initiative is a large observational
study conducted in the I’ laboratory in La Pitié-Salpétriére
hospital aiming at deciphering the autoimmune and inflam-
matory diseases. Nosography of these pathologies is still based
today, nearly exclusively on clinical symptoms (6). Our objec-
tive is to identify immunological characteristics that would
allow to cut across diagnostic groups and reconsider current
disease classification schemes. In that goal, we aim to include
a 1,000 patients distributed into groups of 100 depending on
the selected pathology plus 100 healthy donors. For each
donor/patient, a large number of omics will be performed,
such as transcriptomics, proteomics, genomics, microbiota,
TCR repertoire, and deep immunophenotyping. This cross-
phenotyping will allow us to discover and validate biomarkers
and novel therapeutic targets, which in turn will benefit diag-
nosis and treatment. We hope the knowledge that will stem
out of this endeavor will give rise to the development of new
biotherapies (7).

The primary goal of L.I.O at Gustave Roussy Institute is
to better characterize the immune status of cancer patients
longitudinally before and after introduction of immune
checkpoints blockers (ICB). One of our objectives is to iden-
tify immunological characteristics before and after introduc-
tion of ICB that would predict clinical responses and/or ICB-
induced immune-related adverse events (IrAE) in cancer
patients (8). As in the Transimmunom consortium, a large
number of omics will be performed in cancer patients in a
longitudinal way (9). Finally, we predict that comparison of
cancer patients developing IrAE during ICB treatment and

patients from the Transimmunom consortium could help to
better understand the onset of autoimmunity and/or inflam-
matory diseases.

For each of the panels described thereafter, 10 markers
were selected in accordance with experts’ opinion and litera-
ture, in particular Optimized Multicolor Immunofluorescence
Panels (10) and Human Immunology Project Consortium
(11) recommendations, to efficiently be able to gate on popu-
lations of interest and to have the most informative markers
being analyzed on all cell subsets. Here, we describe this large
set of optimized and standardized 10-color flow cytometry
panels of conjugated antibodies in ready-to-use tubes, devel-
oped in collaboration between I’ laboratory and L.I.O. These
immunophenotyping procedures allow a deep phenotyping of
most of the known immune cell populations in whole blood,
therefore, representing a powerful tool for immunological
investigations in clinical trials.

RESULTS

Design of the Panels

The first step of the panels design consisted in the identi-
fication of cell populations or functions of cells of interest,
which led to a choice of 12 different panels (Fig. 1). Six panels
were designed for the study of T cells, as they represent key
populations in immune-related pathologies. More precisely,
we allocated three panels to study activation, migration, and
memory phenotype of T cells, one panel was dedicated to the
analyze of CD4" T-cells polarization, while two panels
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focused on the phenotype of regulatory T cells, one of which
comprising an intracellular staining for the FoxP3 marker
that is essential to optimally discriminate regulatory T cells.
In the second Treg panel, regulatory T cells were gated as
CD4"CD127'"CD25" without the FoxP3 to allow the evalua-
tion of a maximum of functional markers. Other panels
aimed at investigating B cells, NK cells, monocytes and den-
dritic cells, MAIT cells, and myeloid-derived suppressor cells.
Importantly, we also designed an additional panel allowing
the identification of principal immune cell populations and
including numeration beads, which made it possible to mea-
sure the absolute counts of all populations, while serving as a
reference tube that allows the calculations of absolute counts
in all other panels by extrapolation from shared populations.

After selection of 10 target markers for each of these
panels in accordance with literature, next step consisted in
selecting fluorochrome combinations, to maximize the quality
of staining. To achieve that, numerous combinations of
antibody-fluorochromes were tested in collaboration with
Beckman Coulter, Inc. in accordance with flow cytometry
panel design rules(12) to optimize the separation of positive
populations for each marker, while keeping compensations to
reasonable levels. Each antibody was titrated based on achiev-
ing the highest signal (mean fluorescence intensity) for the
positive population and the lowest signal for the negative pop-
ulation representing the optimal signal to noise ratio. As a
result, we selected 97 conjugated antibodies composing 12 dif-
ferent panels in liquid formulation. The resulting panels of
antibody-fluorochrome combinations are presented in Table 1.

In this study, whole blood staining was preferred to
peripheral blood mononuclear cells (PBMC) to reduce techni-
cal manipulations and the blood sampling needed to perform
the tests. This allows the entire procedure with the 12 panels
to be performed on less than 2 ml of blood. Moreover, work-
ing on whole blood avoids the loss or reduction or phenotype
modifications of some cell subsets (granulocytes (13,14), den-
dritic cells (14), monocytes (14), lymphocytes (15-17)) that
happen during PBMC isolation or freezing. These cells can be
of major importance and ultimately poorly studied because of
their short lifespan after blood sampling (granulocytes) or
their absence or very low proportion in PBMCs (granulocytes
and dendritic cells, respectively).

Furthermore, to standardize the staining procedures, we
decided to use the Duraclone® technology, which provides
the possibility to produce custom designed panels of anti-
bodies that are dried and pre-coated in individual tubes for
direct labeling of blood (18-20). This technology was used to
reduce the number of technical steps and avoid a maximum
of biases, as it ensures the exact same quantity of antibodies
from the same batch and it is very stable overtime (one and a
half year certified by the manufacturer). Notably, not all anti-
bodies could be dried, for intellectual property reasons or
impossibility to dry some fluorochromes such as Brilliant
Violet and Ultraviolet. As a result, majority of clones from
Beckman Coulter and Biolegend catalogs were dried and
included in the Duraclone tubes, but clones from Becton
Dickinson, R&D System and eBioscience were excluded from

Table 1. Composition of the 12 panels

KRO
CD45

PB

CD15

AA700 AA750

APC
CD

CD PE-Cy5.5 PC7
CD 14

E

FITC
CD 16

CD3
CD127

CD4
CD3
CD3
CD3
CD3
CD8
CD3
CD19

8

CD244
CD25
B7 integrin

CD19
HLA-DR

CD56

Numeration
T cell 1
T cell 2
T cell 3

CD8
CD8
CD8
CD 161 or PD-1

CD4
CD4
CD4
CD4
CD4
CD4
CD21

1COS
CD103

CD45RA

CCR7

CD95

CD49d

CD45RA

CD49a CCR7

CLA
CD57

CDS
CD45RA

CD69 PD-1 CD 137 0X40
CXCR5

CD160

CCR4
CTLA-4

CCR6

CCR7
iCXCRS

CCR10
CD25

CXCR3
Helios

CD4 T-cell polarization
Treg 1 (liquid)
Treg 2 (liquid)

B cells

CD3
CD8
CD32

CD127

Foxp3
LAG-3

Ki67
CD39

CD 127

CD45RA

GITR CD25

CD10

LAP

CD24

IgM
TCR-Vpl

CD5 CD27 CD38
TCR-Va24

HLA-DR

IgD
TCRVa72

CD8
CD8
CD45

CD4
CD56
HLA-DR

CD 161

3

CD 54 CD56 CD

MAIT cells/NKT

NK/NCRs

CD 16

CD3
LIN CD3-CD19-CD56

NKp46 NKG2D

NKp30
BDCA-3

NKp44 HLA-DR

CCR5

TCRyd
CD 16

CDl1l1c

CD123

CDlc

CD14
HLA-DR

DC/monocytes

CD32

CD15

CD14 CD11b

CD64 CD33

CD244

CD16

Myeloid/FcyRs

Fluorochromes indicated in the column title are classical fluorochromes from Beckman Coulter. See Supporting Information Table S1 for details (antibody clones, manufacturers,

and volumes).

FITC, fluorescein isothiocyanate; PE, phycoerythrin; ECD, PE-Texas-Red; PE-Cy5.5, PE-Cyanin 5.5; PC7, PE-Cyanin 7; APC, Allophycocyanin; AA700, APC-Alexa Fluor 700; AA750,

APC- Alexa Fluor 750; PB, Pacific Blue; KRO, Krome Orange.



the dried formulation and are added as dropped antibodies
(see Supporting Information Table S1 for details). For each of
the antibody panels, a pre-lot of Duraclone tubes was pro-
duced and their reproducibility (percentages of population of
interest and fluorescence intensities) with the liquid staining
was validated, before the production of Duraclone tubes. No
significant differences could be noted between dry and liquid
formulation for most subsets and proportion of main
immune subsets remained highly correlated (Supporting
Information Fig. SIA-C and not shown). However, dry for-
mulation led in some case to higher fluorescence intensity in
comparison with the liquid cocktail allowing a better discrim-
ination of some subpopulations such as CCR7" central and
effector memory T cells; yet this populations remained highly
correlated (see Supporting Information Fig. S1D-F). For
unknown reasons, the two panels focused on Tregs as well as
PerCPCy5.5-conjugated anti-CCR6 ab from Biolegend did
not pass this validation process, because Duraclone pre-lots
failed to reproduce the labeling obtained with their liquid
counterparts. Thus, Treg panels have been conserved in liquid
format and PC5.5-coupled anti-CCR6 ab was dropped in “T
cell polarization” panel for the study.

For standardization of the cytometer parameters, in
addition to the flow set pro and flow check beads that are
used daily as quality control, 8-peaks fluorescent beads were
used before each acquisition. For each acquisition channel,
target values for a specific peak were determined, and amplifi-
cations were modified to keep signals stable over time. Com-
pensations were performed with VersaComp Ab capture
beads and Duraclone single staining tubes for each dried anti-
body, or liquid single staining for others. This was performed
once at the beginning of the study, and then again when
modifications were brought to the cytometer (e.g., in the case
of maintenance). Importantly, all along the Transimmunom
trial or for patients with cancer at Gustave Roussy Cancer
Campus, the same cytometer, a Gallios (Beckman Coulter)
dedicated to the study, was used. Altogether these features
ensure consistency in the assays and guarantee the possibility
of comparing samples acquired longitudinally.

For all panels, doublet cells, dead cells, and debris are
removed from the analysis using the forward and side scatters
areas, widths, and heights, as shown in Supporting Informa-
tion Figure S2.

Description of Panels

In the “numeration” panel, we chose to include anti-
CD45 to isolate all leucocytes, anti-CD19 and anti-CD3 to
discriminate B and T cells, respectively, anti-CD4 and anti-
CD8 to discriminate CD4" and CD8" T cells among CD3" T
cells, anti-CD56 to study NK and NKT cells, anti-CD14 for
monocytes, anti-CD15 for neutrophils and eosinophils, and
anti-CD16 and anti-CD244 to differentiate eosinophils from
neutrophils among the CD15" population. Anti-CD16 is also
used to discriminate subsets of monocytes and NK cells. The
gating strategy for this tube is presented in Figure 2. In this
panel, no wash is performed after the staining, thus avoiding
the eventual modification of any cell population in the wash

process, and count beads are added prior to acquisition, rais-
ing absolute counts in addition to percentages. These counts
were compared with results obtained from a clinical kit
(TetraCXP System from Beckman Coulter, Inc.). Correlation
between the two techniques is very high (Supporting Informa-
tion Fig. S3), thus validating the reliability of absolute counts
obtained with the Numeration panel. These absolute counts
are used to extrapolate absolute numbers in every other panel
by using markers shared with this panel.

In each of the six panels dedicated to analysis of T cells
and described hereafter, anti-CD3 antibody is present to gate
on T cells, and anti-CD4 and anti-CD8 allow the discrimina-
tion of CD4" and CD8" T cells. Hence only the seven other
antibodies are described for these six panels.

The “T cell 17 panel contains anti-CD45RA and anti-
CCR7 antibodies, allowing the identification of naive/Stem
Memory T cells (CD45RATCCR7"), central memory (CM,
CD45RA™CCR7"), effector memory (EM, CD45RA™CCR7"),
and effector memory RA (TEMRA, CD45RA*CCR7") popu-
lations. Anti-CD95 is used to discriminate naive cells among
naive CD45RA™ME"CCR7™¢" cells from memory stem T cells
that are long-lived lymphocytes able to persist in the host in
the absence of antigen and were shown to provide a potential
reservoir for T-cell memory throughout life (21). Anti-ICOS
and anti-HLA-DR has been added to this panel for the evalu-
ation of the activation status of each subset of T cells. Impor-
tantly, we also included anti-CD25 and anti-CD127
antibodies to evaluate the differentiation and activation status
of regulatory T cells (CD4"CD25'CD127""). The gating
strategy is represented in Supporting Information Figure S4.

The “T cell 2” panel contains five antibodies directed
against molecules known to favor the migration of T cells and
to address them to specific tissues: CLA (cutaneous leucocyte-
associated antigen for skin homing), CD103 and P7-integrin
or aE"B7" (mucosal tissues and mucosal tumors), CD49d and
p7-integrin or a4"B7" (gut homing) and CD49a or al muco-
sal integrin. CD45RA and CCR7 are also present to allow
analyses of the expression of migration molecules separately
on different naive/memory subsets of CD4" and CD8" T cells.
Supporting Information Figure S5 shows an example of the
staining and gating strategy.

The “T cell 3” panel contains seven different antibodies
directed against activation (CD69, CD137/4-1BB, and CD134/
0X40), negative modulator of the TCR (CD5) (22), exhaustion
such as immune checkpoints (PD-1, CD160) (23) or senescence
(CD57) (24) molecules. Expression of these molecules is ana-
lyzed separately on CD4" and CD8" T cells. An example of gat-
ing strategy is represented in Supporting Information Figure S6.

In the “T cell polarization” panel (Fig. 3), antibodies
directed against chemokines receptors (CCR6, CCRIO,
CXCR4, and CXCR3) are then used to discriminate Th1, Th2,
Th17, and Th22 subsets (25), among TfH (defined as
CXCR5") (Fig. 3A) and memory helper T cells (CD45RAM;
Fig. 3B) populations, anti-CCR7 being added to study the
CM and EM phenotype in each Th subset (Fig. 3C). Notably,
in this panel, either CD161 (to discriminate Th9 from Th17.1
cells, as shown in Fig. 3) or PD-1 (to better discriminate Tfh
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cells) can be dropped (not shown). The memory phenotype
can then be assessed on the basis of the CD45RA and CCR7
expressions (Fig. 3D).

The “Treg 17 panel (Supporting Information Fig. S7)
aims to characterize the regulatory T cell population (Treg).
Anti-FoxP3, anti-CD25, and anti-CD127 are used to gate on
Tregs (defined as CD4"FoxP3"CD25"CD127""~ cells). Other
phenotypic markers (Helios, CXCR5, and CTLA-4) complete
this panel to define more precisely subsets of Tregs. Ki67 is
used to evaluate the presence of cycling Tregs. Notably, CD8"
Tregs, which can express CTLA-4 and Ki67 (26), can also be
evaluated for their expression of these phenotypic markers
with this panel (not shown).

The “Treg 2” panel (Supporting Information Fig. S8) was
designed to go further into the functionality and activation of
regulatory T cells. Anti-CD25 and anti-CD127 are used to gate
on Tregs (defined here as CD4*CD25'CD127""). Although it
is not optimal for identification of Tregs to use only CD25 and
CD127, we previously showed that percentages of FoxP3"/
CD25'/CD127 and CD25"/CD127" are highly correlated (27).

And avoiding to add FoxP3 in some panels in which we focus
on Tregs (1) grants us the possibility to add an additional phe-
notypical marker in each panel, and (2) avoids the necessity to
perform an intracellular staining, thus accelerating and simpli-
fying the procedure. Functional/activation markers chosen in
this panel were LAP, GITR, CD39, CD45RA, and LAG-3.
Anti-CD45RA is also used to analyze the expression of the
other markers separately on naive and activated Tregs.

The “B cells” panel (Fig. 4) allows evaluation of the dif-
ferentiation status and phenotypic characterization of B cells.
In that purpose, anti-CD19 is used to gate on B cells, and
anti-IgD, anti-IgM and anti-CD27 let us discriminate naive
mature B cells (IgD'IgM'CD27") from unswitched
(IgD*IgM*CD27" and switched (IgD IgM CD27") memory
B cells. Anti-CD24 and anti-CD38 antibodies are used to
identify transitional B cells (CD24"CD38™) and plasmablasts
(CD24"CD38"8"). Other markers that have been selected to
define with more precision subsets of B cells (28) are CD21
(for CD21™ B cells), CD5, CD10 (for pre- and pro-B cells),
and CD32 (FcyRII) for regulation of B cell functions.
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are gated on a CD3/CD4 dot plot and naive CD4" T cells (CD45RA*CCR7*) are identified on a CD45RA/CCR7 dot plot. Gated on CD4* and
not naive (boolean gate) cells, TfH cells are identified on a CXCR5/CD45RA dot plot. (B) Identification of the TfH subsets. Gated on TfH
cells, CXCR3" and CCR4* cells are gated on a CXCR3/CCR4 dot plot. TfH1 and TfH9 and TfH17.1 (among CXCR3* cells) and TfH2 and
TfH17 (among CCR4" cells) subsets are then discriminated on CCR6/CD161 and CCR6/CCR10 dot plots, respectively. (C) Identification of
the TH subsets. Gated on CD4" and not naives and not TfH cells (boolean gate), TH1 (CXCR3*CCR4 CCR6 CCR107), TH9
(CXCR3*CCR4 CCR6'CCR10°CD1617), TH17.1  (CXCR3*CCR4 CCR6*CCR10°CD161"), TH2 (CXCR3"CCR4*CCR6°CCR107), TH17
(CXCR3"CCR4*CCR6*CCR107), TH17 double positive (CXCR3*CCR4*CCR6*CCR107), TH17 double negative (CXCR3"CCR4™CCR6"CCR107),
and TH22 (CCR4*CCR6*CXCR3™CCR10*) subsets are identified as indicated. (D) Naive memory subsets of TH cells. Gated on major TH
subsets, the naive/memory phenotype (CD45RA*CCR7* naive cells, CD45RA"CCR7* CM cells, CD45RA"CCR7~ EM cells, CD45RA*CCR7"~
effector memory RA [TEMRA] cells) is analyzed based on the expression of CD45RA and CCR7. [Color figure can be viewed at
wileyonlinelibrary.com]

The “MAIT cells/NKT” panel (Supporting Information Expressions of NK cell receptors (NKG2D, NKp30, NKp44,
Fig. S9) contains anti-HLA-DR to exclude from analysis B and NKp46), CD16, CD8, and HLA-DR are then evaluated
cells and potential contaminating antigen presenting cells, on NK cells (Supporting Information Fig. S10A). Expression
and anti-CD4 to exclude monocytes. Anti-CD3 and anti- of some of these molecules is also evaluated on CD3"CD56"
CD56 are used to gate on NKT cells (CD3"CD56"), among cells (Supporting Information Fig. S10B), CD8" T cells
which we can identify type 1 NKT expressing TCR-Va2.4 (Supporting Information Fig. S10C), and TCRyd T cells
and TCR-VP11. Anti-TCR-Va7.2 and anti-CD161 allow the (Supporting Information Fig. S10D).

identification of MAIT cells (TCR-Va7.2*CD161%), and anti- The “DC/monocytes” (Supporting Information Fig. S11
CD8 is used to discriminate “true” MAIT cells that express panel contains anti-CD45 to isolate mononuclear cells
CD8. In this panel, expression of CD54 (ICAM-1) on NK for analysis. Then with anti-CD3/CD19/CD56 lineage and
cells is also evaluated to determine CDI6-engagement in anti-HLA-DR, we isolate the dendritic cell and monocyte
patients treated with therapeutic monoclonal antibodies engi- populations (CD3"CD19"CD56 HLA-DR"), and CD3 " CD19~
neered to enhance antibody-dependent cell cytotoxicity (29). CD56 HLA-DR™. Among Lin "HLA-DR" cells, anti-CD123,

The “NK/NCR” (Supporting Information Fig. S10) has and anti-CDl11c allows the discrimination of plasmacytoid
been designed mainly to focus on NK cell subsets and evalu- dendritic cells (CD11c"CD123"), and of the myeloid com-
ate their phenotype and activation status. Anti-CD56 anti- partment (CD11°CD123™ cells). In this compartment, the

body is used to discriminate NK and NK bright cells. myeloid dendritic cells (CD14 CD167) can be discriminated
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Figure 4. Gating strategy for the “B cells” panel. The lymphocyte population is gated on a FS/SS dot plot, and B cells (CD19*) are
identified on a CD19/SS dot plot. The differentiation status (naive (CD2771gD*IgM*), unswitched (CD27*IgD*IgM*) or switched
[CD27*1gD7IgM™]) of B cells is evaluated either on a CD27/IgD or a CD27/IgM dot plot. Transitional B cells and plasmablasts are
discriminated on a CD38/CD24 dot plot, and CD5*, CD10*, CD21~, and CD32* B cells are gated on a CD19/CD5, a CD19/CD10, a CD19/CD21,
and a CD19/CD32 dot plot, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

from the different monocyte populations on a CD14/CD16
plot. Among mDCs, anti-CD141, and anti-CDIc are used to
separate. mDC1 (CD1c'CD1417) and mDC2 (CDlc”
CD141"). Anti-CCR5 is used to study the expression of CCR5
on mDCs. It is also possible in this panel to evaluate baso-
phils (Lin"HLA-DR™CD123*CD45%™) among the Lin HLA-
DR™ population based on the expression of CD123 and a dim
expression of CD45 (30).

The “Myeloid - FcyR” panel (Supporting Information
Fig. $12) is composed of an anti-HLA-DR used as exclusion
markers, anti-CD11b, anti-CD33, anti-CD14, and anti-CD15
are used to identify monocytic myeloid-derived suppressor
cells (CD11b*CD33*CD14"CD157, Supporting Information
Fig. S12A). This panel is also used to evaluate the expression
of HLA-DR and Fcy receptors (CD16, CD32, and CD64) at
the surface of different subsets of monocytes (CD14"CD167,
CD14'CD16" or CD14'"CDI16", Supporting Information

Fig. S12B), neutrophils (CD15" CD244", Supporting Informa-
tion Fig. S12C), and eosinophils (CD15" CD244", Supporting
Information Fig. S12D).

As an interpanel validation, we evaluated the coefficient
of variability (CV) of measurements of populations that are
shared by different panels (Supporting Information
Fig. S13A). For all populations, the mean of the CVs was
low (all below 15% except for one), thus highlighting the
consistency of results obtained from the different panels.
The only exception was the eosinophil population that
yielded slightly higher CVs, due to the fact that little varia-
tions in measurements can dramatically increase the CV in
less represented population. For interpanel validation of the
regulatory T cells measurement, we evaluated the correlation
between the values obtained with or without the FoxP3
marker (Supporting Information Fig. S13B). As already
shown, a strong correlation was observed between
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FoxP3*CD25*CD127~ and CD25'CD127" cells among
CD4" cells (27).

The 12 flow cytometry panels have already been imple-
mented in our labs, as more than 150 patients and donors
have already been recruited in the Transimmunom project,
and preliminary analyses have already yielded interesting
results, confirming the interest of our approach. All the panels
described in this article allow the generation of more than
700 data per patient, including percentages of parent popula-
tion, absolute count of cells, and mean fluorescence
intensities.

DiscussioNn

We designed a set of 12 10-color flow cytometry panels
that provides a detailed description of immune cells in the
blood of patients. In comparison with other reference studies
such as the ONE study (31) or the Milieu Intérieur consor-
tium (32), we made the choice to design more exhaustive
panels and are capable to define a deeper phenotyping of var-
ious cell subsets. The main reason for this is the number of
panels and the number of colors used within the panels
(12 10-color panels in our study versus six panels with
7-9-colors for the ONE study and four panels with 7-10
colors for the Milieu Intérieur). In particular the six panels
dedicated to T cells provide a very advanced phenotype of T
cell subsets which play a key role in autoimmune diseases,
and to our knowledge, we are the only group studying NK
cells in details, MAIT cells, non-conventional T cells or mye-
loid cells in a general immunophenotyping approach like this
one. Moreover, we are currently developing an additional
panel aiming at identifying the different subsets innate lym-
phoid cells, which are thought to be involved in multiple
autoimmune diseases (33).

Dried reagents have already proven to yield high repro-
ducibility and efficient standardization in large-scale projects
such as the ONE study (31) and the PreciseADS study (20).
Similarly, the use of such dried reagents in this fine immuno-
phenotyping represents an advantage for reliability of data,
but also to speed up and simplify the labeling technique. The
use of counting beads providing reliable absolute counts of
cell populations is another valuable advantage in patients
follow up.

Mass cytometry or CyTOF, arose in the last years and
could have represented an alternative solution to perform the
deep immunophenotyping in our studies. But multiple rea-
sons led us to choose flow cytometry including: (1) the time
acquisition with CyTOF that is much slower (a maximum of
around 1,000 events per second) that would not be suitable
for routine use or for a trial like Transimmmunom or clinical
trials including patients treated with ICB as at Gustave
Roussy for cancer patients in which up to eight fresh whole
blood samples from patients can be analyzed rapidly the same
day; (2) the limited catalog (albeit growing) of commercial
antibodies; (3) the absence of FSC/SSC equivalents in mass
cytometry, as cells are vaporized; (4) the limitation for the
number of antibodies that can be used on the same

population: for example our deep immunophenotyping
includes 32 different targets for T cells only, which is too
much for mass cytometry, because of the steric hindrance;
(5) the cost of mass cytometry, which remains today signifi-
cantly higher than that of flow cytometry; (6) environmental
issues (because of elimination of heavy metal elements).

This optimized deep immunophenotyping has already
been performed on more than 150 patients/donors in Tran-
simmunom project in the I’ laboratory and in cancer
patients across several clinical trials at LIO at Gustave
Roussy Institute. It provides a huge amount of data and
gives the opportunity to identify cell subsets that are altered
in the studied pathologies, and to define some flow cytome-
try signatures specific for a pathology; a subgroup of patients
and/or a response to treatment. Given the quantity of gener-
ated data, it is also possible to consider flow cytometry data
as omics, and to use big data tools, such as dimension
reduction algorithms, to facilitate the analysis. We are cur-
rently working on this kind of approach which might lead
to the discovery of new cell subsets (e.g., with unexpected
combination of marker expressions), therefore representing a
powerful tool for immunological investigations in clinical tri-
als. Flow cytometry data can also be integrated in multiscale
analyzes with other omics that is, transcriptomic, micro-
biome, proteomic, and so on, allowing to look for potential
signatures composed of data originating from different tech-
niques performed in a trial. This could give the opportunity
to revisit the classification of diseases, identify potential ther-
apeutic targets, and develop new biotherapies in autoimmu-
nity as well as in cancers.

These flow cytometry panels can be implemented in
other clinical trials, and thanks to the robustness and the effi-
cient standardization of the staining, different studies could
be compared in cross-analyses. Moreover, we are currently
working on the validation of these panels on fresh or frozen
peripheral mononuclear cells, so we can overcome the una-
vailability of fresh blood in some studies. In the near future,
we also plan to transpose these protocols to tissue-derived
cells, to be able to compare immunomics from different tis-
sues, or to perform deep immunophenotyping on cells deriv-
ing from relevant tissues in the context of specific
pathologies. Notably, the deep immunophenotyping in tissues
could be of great interest in cancer-related studies wherein a
thorough study of T-, B-, NK, and myeloid cells in tumor or
affected tissues could yield valuable results.

MATERIAL AND METHODS

Blood Samples

Blood samples from healthy donors were obtained from
the French blood bank (Etablissement Frangais du Sang;
agreement No 12/EFS/079) according to ethical guidelines
and were collected in Heparin, or from healthy donors partic-
ipating to the Transimmunom trial (ANR-11-IDEX-0004-02,
approved by local ethic committee). Informed consent was
obtained from each volunteer.



Antibody Staining

For the “Treg 1”7 panel CD25-PE, CTLA-4-PECy7,
FoxP3-APC, CD8-AA700, CD127-AA750, CD4-Pacific Blue,
and CD8-Krome Orange conjugated antibodies are from
Beckman Coulter. Helios-FITC was from eBioscience,
CXCR5-PE-Dazzle 594 from Biolegend and KI67-PerCPCy5.5
from Becton Dickinson. PerfixNC kit was purchased from
Beckman Coulter. Whole blood (100 pl) sampled with antico-
agulant was mixed with 10 pl of Perfix-NC R1 buffer, vor-
texed immediately for 2-3 s and incubated for 15 min at
room temperature in the dark. About 600 pl of Perfix-NC R2
buffer were added, 355 pl were transferred in the Duraclone
tube and liquid antibodies were added. After vortexing, tubes
were incubated for 60 min at room temperature in the dark.
PBS 1x (3 ml) was added to the tubes, incubated for 5 min at
room temperature in the dark before centrifugation for 6 min
at 250g. The supernatant was removed to leave the pellet
dried and the cells were resuspended in 3 ml of 1X Perfix-NC
R3 buffer prior to another 6-min centrifugation at 250g. The
pellet was dried and resuspended in 300 pl of 1X R3 bulftfer.
Tubes were protected from light and stored at 4°C until the
acquisition on a cytometer within the next 24 h.

For all other panels, all conjugated antibodies were dried
in Duraclone tubes except for the “Treg 2 panel” and dropped
antibodies (see Supporting Information Table S1). Versalyse
was purchased from Beckman coulter. For each panel except
for “B cells” panel, 100 pl of whole blood were added in the
corresponding Duraclone and the liquid antibodies were
added when necessary. Notably, for the “B cells” panel, 300 pl
of blood were washed twice in PBS 1X prior to staining to
remove soluble IgM. After vortex, tubes were incubated for
15 min at room temperature in the dark. Two milliliter of
Versalyse containing 50 pl of fixative solution was then added
prior to another incubation of 15 min at room temperature in
the dark. Cells were centrifuged 6 min at 250g, resuspended
in 3 ml of 1x PBS and centrifuged again. The pellet was
finally resuspended in 250 pl of 1X PBS and stored at 4°C
without light until the acquisition on a cytometer within the
next 24 h.

Clinical Absolute Counts Determination for Main
Lymphocytes Populations

Lymphocyte blood cells (CD3+, CD4+, CD8+ T lympho-
cytes, CD19+ B lymphocytes, and CD3-CD56+ NK cell)
counts (cells/pl) were established from fresh blood samples
using CYTO-STAT tetraCHROME kits with Flowcount fluo-
rescents beads as internal standard and tetra CXP software
with a FC500 cytometer according to manufacturer’s instruc-
tions (Beckman Coulter).

Flow Cytometry Analyses

Flow cytometry data were analyzed with Kaluza 1.3 soft-
ware (Beckman Coulter). Statistical analyses were performed
using Prism 6.0 (GraphPad) software. The Wilcoxon test was
used to compare less than 30 matched pairs. P < 0.05 was
considered as significant.
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