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Mass cytometry (MC) is a powerful method for mapping complex cellular

systems at single-cell levels, based on the detection of cellular proteins.

Numerous studies have been performed using human blood, but there is a

lack of protocols describing the processing and labeling of bronchoalveolar

lavage fluid (BALF) and nasal polyps (NP) for acquisition by MC. These

specimens are essential in the investigation of immune cell characteristics in

airway diseases such as asthma and chronic rhinosinusitis with NP (CRSwNP).

Here we optimized a workflow for processing, labeling, and acquisition of BALF

and NP cells by MC. Among three methods tested for NP digestion, combined

enzymatic/mechanical processing yielded maximum cell recovery, viability and

labeling patterns compared to the other methods. Treatment with DNAse

improved sample acquisition byMC. In a final step, we performed a comparison

of blood, BALF and NP cell composition using a 31-marker MC antibody panel,

revealing expected differences between the different tissue but also

heterogeneity among the BALF and NP samples. We here introduce an

optimized workflow for the MC analysis of human NP and BALF, which

enables comparative analysis of different samples in larger cohorts. A deeper

understanding of immune cell characteristics in these samples may guide

future researchers and clinicians to a better disease management.

KEYWORDS

mass cytometry, CyTOF, antibody titration, BALF, nasal polyp, tissue digestion,
asthma, CRSwNP
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1 Introduction

Mass cytometry (MC), or cytometry by time of flight

(CyTOF), is a high-dimensional single-cell approach using

antibodies labelled with non-radioactive heavy metal isotopes

to detect intracellular or surface molecules (1, 2). This technique

allows for the analysis of up to 60 different parameters in

parallel, thus enabling the investigation of numerous specific

cell populations and subpopulations in a single measurement

(2). Furthermore, algorithms for data analysis through

dimensionality reduction and clustering are an unbiased

approach providing deep insights into the relationship among

the different cell types present in a single sample (3). Therefore,

this method could promote the discovery of novel biomarkers

guiding prognosis and therapies of different diseases (4, 5).

In comparison to the widely used flow cytometry, MC presents

many advantages. These include not only the larger number of

parameters that can be analyzed with higher resolution, but also the

absence of auto-fluorescence, low to no need for compensation, and

theminimal spillover that can be achieved due to the purity of metal

tags and the careful panel design (1, 6). However, MC also has some

disadvantages, such as a higher cell loss during the experimental

procedure, longer acquisition time, and the inability of recovering

live cells at the end, due to their atomization and ionization during

acquisition (7, 8).

MC has broad applications, including immune phenotyping,

analysis of transcription factors, cell cycle and proliferation

analysis (9, 10). Immune cell phenotyping using more than 30

markers has been performed in human blood samples for more

than a decade. However, this technique has not yet been widely

adapted to tissue derived samples such as the ones originated

from the human airways (11, 12). Nevertheless, investigating

and comparing immune cell composition in airway derived cells

of both healthy subjects and patients suffering from different

airway diseases (e.g., chronic sinusitis with nasal polyps

[CRSwNP] or asthma) is central to better understand the

underlying pathophysiological mechanisms. Tissue derived

samples can provide more detailed and complementary

information as compared to blood samples alone (12, 13).

Regarding airway conditions, CRS is a complex inflammatory

airway disease that encompasses a broad spectrum of clinical

variants, including CRSwNP, which corresponds to the diverse

immunocellular profile underlying it (14). Asthma is a chronic

inflammatory disease of the airways with reversible episodic

obstruction which presents an extensive heterogeneity of cell

types (13). Both conditions, especially when they are comorbid

in a patient, represent an intricate immunocellular landscape and

thus patient’s therapy management is often challenging. Mostly

the investigations rely on flow cytometry analysis of blood or

peripheral blood mononuclear cells (PBMCs), but MC has

demonstrated its potential to increase the level of details of the

cell markers in a population (15).
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In this respect, MC has been applied to analyze cells isolated

from bronchoalveolar lavage fluid (BALF) of COPD or

sarcoidosis patients (16, 17). To the best of our knowledge, to

date, only one study has used MC for analysis of CRSwNP. This

study revealed several unique innate and T cell populations in

NP as compared to healthy mucosa, whilst results from flow

cytometry confirmed that both techniques detected similar

proportions of major cell subsets (12). Thus, MC is a powerful

tool which could also enhance our understanding of the complex

relationships between CRS and asthma. However, standardized

protocols allowing for processing and high-quality acquisition

for airway derived samples are missing so far and are crucial for

reproducibility and comparability of results (8). Thus, the

present study aimed to establish protocols for optimal

processing, labeling, and acquisition of cells from human NP

and BALF for MC. After applying the optimized protocols,

human NP, BALF and blood samples were stained using the

commercially available Maxpar Direct Immune Profiling Assay

(MDIPA) as a backbone, including three additional markers in a

final validation step.
2 Material and methods

2.1 Nasal polyp digestion

Three different digestion protocols were tested for

processing the NPs. The specimens were weighed, split into

three similar parts (same weight of maximum 0.5 g) and each of

them digested using one of the three different procedures

described below.

2.1.1 Collagenase
The NP piece was minced in a sterile polypropylene petri

dish and transferred to a 50 mL conical tube containing 2 mg/

mL of Collagenase IV (Gibco, Thermo Fisher Scientific), 25 µg/

mL DNAse (Sigma-Aldrich), in RPMI1640 (Gibco, Thermo

Fisher Scientific) (18). After incubation for 40 min at 37°C in

a water bath, the sample was passed through a 30 µm cell strainer

(Miltenyi Biotec, Bergisch Gladbach, Germany) into a new 50

mL conical tube, using a 20 mL syringe stopper. The cell strainer

was then washed with 1 mL of RPMI1640, and the cell

suspension centrifuged at 528 x g for 5 min at room

temperature (RT). The supernatant was removed before

proceeding to cell labeling for MC.

2.1.2 Protease
The NP fragment was minced on a sterile polypropylene petri

dish and put into a 50 mL conical tube containing 1 mL of

dissociation buffer (DPBS [Gibco, Thermo Fisher Scientific],

containing 10 mg/mL protease from Bacillus Licheniformis

[Sigma-Aldrich], and 0.5 mM EDTA [Sigma-Aldrich]) as
frontiersin.org
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described (19). After one hour of incubation on ice, 200 µL

inactivation buffer (2% BSA [Sigma-Aldrich] prepared in HBSS)

were added and the cell suspension was centrifuged at 4°C with 400

x g for 5 min. The cells were resuspended in 200 µL of wash buffer

(1% BSA prepared in HBSS) and passed through a 30 µm cell

strainer into a new 50 mL conical tube, using a 20 mL syringe

stopper. The cell strainer was then washed with 1 mL of HBSS, and

the cell suspension centrifuged at 400 x g for 5 min at 4°C. The

supernatant was removed before proceeding to cell labeling for MC.

2.1.3 Combined enzymatic and
mechanical dissociation

The NP fragment was minced on a sterile polypropylene petri

dish and placed in a GentleMACS C tube (Miltenyi Biotec)

containing 2.35 mL serum-free MEM (Sigma-Aldrich)

containing 1% penicillin/streptomycin solution (Gibco, Thermo

Fisher Scientific), 100 µL of enzyme D, 50 µL of enzyme R, and

12.5 µL of enzyme A (Multi Tissue Dissociation Kit 1, Miltenyi

Biotec) according to the manufacturer’s protocol. The C tube was

incubated running the protocol 37C_Multi_B (duration 61 min)

on the GentleMACS Octo Dissociator with Heaters (Miltenyi

Biotec). After the protocol was completed, the cell suspension was

mixed by pipetting and passed through a 30 µm cell strainer into a

new 50 mL conical tube, with the help of a 20 mL syringe stopper.

The cell strainer was washed with 15 mL MEM supplemented

with 1% penicillin/streptomycin medium and 10% FBS was added

to the cell suspension. The total volume was mixed by pipetting up

and down and centrifuged at 300 x g for 7 min at RT. The

supernatant was removed before proceeding to cell labeling

for MC.
2.2 Mass cytometry assay

Antibody labeling for MC was performed as described before

(20) with the following modifications.

2.2.1 Whole blood
400 µL fresh heparinized whole blood was resuspended in 1

mL of Maxpar Cell Staining Buffer (CSB) (Standard BioTools,

South San Francisco, California, USA) supplemented with 10 µL

of 10 KU/mL heparin solution (Sigma-Aldrich, St. Louis,

Missouri, USA) and incubated at RT for 20 min. Meanwhile,

live cells were counted after Trypan Blue staining (Sigma-

Aldrich) using a Neubauer chamber, and the total amount of 3

x 106 cells/mL was used for staining. After incubation with

heparin, 2 mL of CSB were added to the tube and gently mixed.

The cell suspension was centrifuged at 300 x g for 7 min at RT.

Thereafter the supernatant was removed. The pellet was

resuspended in 270 µL of CSB and 30 µL of an antibody

master mix containing CD3-154Sm, CD11b/Mac-1-209Bi,

CD45-112Cd, DNA intercalator Cell-ID 103Rh (all from

Standard BioTools) (Supplementary Table 1), diluted in CSB,
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was added. The cell suspension was mixed and incubated for

30 min at RT. 250 µL of Cal-Lyse lysing solution (Life

Technologies, Carlsbad, California, USA) was added, mixed,

and incubated in the dark for 10 min at RT. 3 mL of de-

ionized water (DIW) (B. Braun, Melsungen, Germany) was

added to the tube and again incubated in the dark for 10 min

at RT. The translucent cell suspension was centrifuged at 300 x g

for 7 min at RT, the supernatant was removed, and the pellet was

washed twice with 3 mL DIW. Then, the cell pellet was

resuspended in 1 mL of fresh 1.6% formaldehyde solution

(Thermo Fisher Scientific, Waltham, Massachusetts, USA), and

incubated for 10 min at RT. Then, the cell suspension was

centrifuged at 800 x g for 7 min at RT. The supernatant was

discarded, the pellet was resuspended in DNA intercalator

solution (1 mL of Fix-Perm buffer supplemented with 1

µL191Ir/193Ir DNA intercalator, all Standard BioTools), and

incubated for 30 min at RT. After a last centrifugation step at

800 x g for 7 min at RT, 800 µL of the supernatant was discarded

and the pellet was resuspended in the remaining 200 µL of

supernatant. The final volume was divided into two aliquots of

100 µL which were stored at -80°C for no longer than two weeks.

The samples were acquired on a Helios® mass cytometer,

Standard BioTools). Setup and tuning were performed

according to the manufacturer’s instructions; cells were

acquired with a speed of 250-350 events/second.

2.2.2 Nasal polyp and BALF
After NP digestion described below or after receiving fresh

BALF, cell suspensions were centrifuged at 300 x g for 5 min at

RT. The supernatant was removed, and the pellet was

resuspended in 1 mL CSB with 10 µL of 10 KU/mL heparin

solution, then incubated for 20 min at RT. During this time, cells

were counted after Trypan Blue staining and the total of 3 x 106

cells was used for staining, as recommended in the standard

protocol. After incubation with heparin, the cell suspension was

centrifuged at 300 x g for 7 min at RT, the supernatant removed,

the pellet resuspended in 50 µL of CSB with 5 µL of Human

TruStain FcX (Biolegend, PerkinElmer, San Diego, California,

USA), and incubated for 10 min at RT. Then, 215 µL of CSB was

added to the tube, along with 30 µL of an antibody master mix

containing CD3-154Sm, CD11b/Mac-1-209Bi, CD45-112Cd, DNA

intercalator Cell-ID 103Rh, diluted in CSB. The suspension was

mixed and incubated for 30 min at RT. After incubation, 3 mL of

CSB was added and the cell suspension was centrifuged at 300 x

g for 7 min at RT. The supernatant was removed and this last

CSB wash step was repeated. After that, the cell pellet was

resuspended in 1 mL fresh 1.6% formaldehyde solution, and

incubated for 10 min at RT. The supernatant was discarded, the

cell suspension was centrifuged at 800 x g for 7 min at RT, the

pellet was resuspended in the intercalation solution (1 mL of Fix-

Perm with 1 µL of DNA intercalator/Cell-ID 191Ir/193Ir), and

incubated for 30 min at RT. After a last centrifugation step at 800

x g for 7 min at RT, 800 µL of the supernatant was discarded and
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the pellet was resuspended in the 200 µL left of supernatant. The

final amount was divided into two aliquots of 100 µL which were

stored at -80°C for no longer than two weeks. The samples were

acquired on a Helios® instrument as described above.
2.3 Removal of debris before
sample labeling

Debris and dead cell removal was performed on blood, BALF

and NP samples to improve the quality of the cell suspensions

and counteract clogging of the Helios® instrument, using either

DNAse (Nuclease Universal Pierce™ solution 250 U/µL,

Thermo Fisher Scientific), Basic MicroBeads (Miltenyi Biotec),

or both combined.

2.3.1 DNAse treatment
400 µL of blood or 3 x 106 BALF or NP cells were

resuspended in 1 mL of 0.01% DNAse solution in CSB. The

sample was then incubated at 37°C for 30 min with 300 rpm on a

Thermomixer (Eppendorf, Hamburg, Germany). Finally, the

sample was mixed and transferred to a sterile 5 mL round-

bottom polypropylene test tube, filled up with 1 mL CSB and

centrifuged at 300 x g for 7 min at RT. The supernatant was

removed before proceeding to cell labeling for MC.

2.3.2 Basic MicroBeads
400 µL of blood or 3 x 106 of BALF or NP cells were

centrifuged at 300 x g for 10 min at RT. The Basic MicroBeads

(Miltenyi Biotec) protocol was performed according to the

manufacturer’s instructions. Briefly, the supernatant was

removed, and the cell pellet resuspended in 50 µL of PBS (pH

7.2, Gibco, Thermo Fisher Scientific, supplemented with 0.5%

BSA and 2 mM EDTA). 5 µL of pre-diluted Basic MicroBeads

(1:10 with PBS) were added to the total cells, mixed, and

incubated at 4°C for 25 min. 1 mL of buffer was added, the

suspension was mixed and centrifuged at 300 x g for 10 min at

RT. The supernatant was removed using a pipet, the pellet was

resuspended in 500 µL buffer, and the cell suspension was

applied onto pre-rinsed (with 2 mL buffer) LD columns

(Miltenyi Biotec) placed on a QuadroMACS™ Separator

(Miltenyi Biotec) and collected into a new 50 mL conical tube.

The column was washed twice with 1 mL buffer and the total

effluent collected in the same tube was spun down at 300 x g for

7 min at RT. The supernatant was removed before proceeding to

cell labeling for MC.

2.3.3 Basic MicroBeads and DNAse
treatment combined

The same protocol described above for Basic MicroBeads

was performed and after the centrifugation of the effluent at 300

x g for 7 min at RT, the supernatant was removed, the pellet was
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resuspended in 1 mL of the DNAse solution prepared and the

respective protocol was performed as described above.
2.4 Antibody conjugation and titration

The Maxpar Direct Immunoprofiling Assay (MDIPA)

antibody panel (Standard BioTools) was extended with three

additional antibodies: anti-human CD11b/Mac-1-209Bi

(Standard BioTools), anti-human CD23 and anti-human FcϵRI
(both Biolegend, PerkinElmer, San Diego, California, USA).

Anti-CD23 was labelled in-house with 159Tb using the Maxpar

X8 kit and anti-FcϵRI with 116Cd using the Maxpar MCP9 kit,

according to the manufacturer’s protocols. Labeling reaction

with serial dilutions of antibodies were performed on blood,

BALF and NP cells separately. After labeling protocol was

performed, the cell suspensions were frozen in -80°C for

maximum two weeks and thawed according to the

manufacturer’s instructions (briefly described in 2.6).

All the antibodies were titrated for blood, BALF and NP, the

stain index was calculated, the percentage of antibody positive

cells and their adequate concentration to be used for labeling

was determined.

After titration, the stain index was calculated using the

formula Stain Index = ((Median of Positive – Median of

Negative)/Standard Deviation of Negative * 2) (21) using FCS

Express™ 7 (De Novo Software, Pasadena, California, USA) and

FlowJo v.10.7.2 (BD Biosciences, Franklin Lakes, New Jersey,

USA). The concentration of the antibody to be used in the full

panel was determined.
2.5 Labeling with (extended) MDIPA

The full panel was validated by three independent

experiments using fresh blood, NP and BALF. The processing

and labeling followed the described methods in 2.2.1 for blood

and 2.2.2 for NP and BALF cells, with a difference on the

antibody labeling, as detailed below (for a detailed step-by-step

protocol, please refer to supplementary methods):

Regarding the blood, after the heparin incubation and

subsequent wash with CSB, the cell pellet was resuspended in

270 µL of CSB, the suspension was added to the lyophilized

pellet of antibody mix pellet provided in the MDIPA kit and

carefully mixed with the pipet. 30 µL of an antibody master mix

containing the newly titrated antibodies anti-CD11b, anti-CD23,

and anti-FcϵRI in CSB was immediately added to the cell

suspension and again carefully mixed with the pipet. This

suspension was incubated for 30 min at RT and the protocol

followed as in 2.3.1.

As to the NP and the BALF cells, after the incubation with

Human TruStain FcX and subsequent wash with CSB, the cell
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pellet was resuspended in 270 µL of CSB, the suspension was

added to the lyophilized pellet of antibody mix provided in the

MDIPA kit and carefully mixed with the pipet. 30 µL of an

antibody master mix containing the newly titrated antibodies

anti-CD11b, anti-CD23, and anti-FcϵRI in CSB was immediately

added to the cell suspension and again carefully mixed with the

pipet. This suspension was incubated for 30 min at RT and the

protocol followed as in 2.3.2.
2.6 Mass cytometry

Immediately before sample acquisition on the Helios®

instrument, cells were washed twice with CSB and twice with

Maxpar Cell Acquisition Solution (CAS) (Standard BioTools),

by centrifugation at 800 x g for 7 min at RT. During the last step,

the nucleated cells were counted after staining with 1:20 Trypan

Blue using a Neubauer Chamber. The cells were resuspended in

CAS supplemented with a 1:10 dilution of the EQ Four Element

calibration beads (Standard BioTools), for 5 x 105 – 1 x 106 cells/

mL. The suspension of beads and cells was filtered twice into a

new 30 mm cell strainer cap tube (BD). The cell acquisition rate

was kept between 150-350 cells per second. For testing of NP

digestion protocols and DNAse and Basic MicroBead protocols

100,000 events were recorded, while for the validation of the

labeling with the full antibody panel 400,000 events were

acquired from each sample.

The files obtained were stored in *.fcs format. Individual FCS

files from interrupted measurements were concatenated using

the CyTOF Software v.7.0 (Standard BioTools).
2.7 Data analysis

After acquisition (but before concatenation), data were

normalized using the CyTOF Software v.7.0 as described

(22). Data of undesired events (dead cel ls , debris ,

normalization beads, true aggregates, and coincident ion

clouds) were removed from raw data by manually gating out

beads, and according to residual, center, offset, width, event

length, DNA intercalator signals in biaxial plots vs Time

parameter by gaussian discrimination (Supplementary

Figure 1). This data clean-up was described before (22), and

presently FCS Express™ 7 was used. The percentages of the

gated populations in each channel were exported to GraphPad

Prism Version 9 (GraphPad Software, San Diego, USA) to

create graphs.

Analysis of antibody titration data was performed in

FlowJo v.10.7.2 (BD). Dimensionality reduction was

performed using opt-SNE in Cytobank (Beckman Coulter,
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Brea, California, USA). The analysis was done on all the

three types of samples separately (specimens were not mixed

for comparative analysis), after data cleanup as described

above, on gated leukocytes CD45+CD66b- (excluding

granulocytes). Thus, 31 channels were selected for running

the algorithm: CD3, CD4, CD8a, CD11b, CD14, CD16, CD19,

CD20, CD23, CD25/IL-R2a, CD27, CD28, CD38, CD45RA,

CD45RB, CD45RO, CD56/NCAM, CD57, CD123/IL-3R,

CD127/IL-7Ra, CD161, CD183/CXCR3, CD185/CXCR5,

CD194/CCR4, CD196/CCR6, CD197/CCR7, CD294, FcϵRI,
HLA-DR, IgD, TCRgd. For blood and BALF, the advanced

settings were the default of the software, and the scales were

normalized. For NP, the advanced settings were the default of

the software, except the maximum iterations were modified to

500, and the scales were also normalized.
3 Results

3.1 Nasal polyp enzymatic/mechanical
dissociation yields high number of viable
cells for acquisition by mass cytometry

First, we tested protocols for preparation of single cell

suspensions from NP that would result in the highest number of

viable cells for subsequent labeling. Thus we tested three commonly

used protocols for tissue digestion using collagenase (18), protease

(19) or combined enzymatic/mechanical digestion (Figure 1A). Cell

counts determined after digestion and before labeling revealed that

tissue digestion with GentleMACS or collagenase provided

comparable cell yield, while cell suspensions prepared with

protease yielded lower cell number (Supplementary Figure 2).

Furthermore, the cell viability determined by the intercalator Cell-

ID 103Rh dead cell detection assay by MC obtained was lowest with

collagenase as compared to the other methods. In general, the

triplicates of the protocols resulted in variable cell count despite

using comparable sample weight, especially for collagenase and

protease methods (Supplementary Figure 2A), which did not seem

to impact on cell viability, except for one of the experiments with

collagenase (Supplementary Figure 2A). Analysis of CD3, CD45

and CD11b expression in live cells were performed in all three

protocols (Supplementary Table 1 and Supplementary Figure 2).

Here, though the expression levels as determined by mean metal

intensity (MMI) was comparable between the different protocols

(Figure 1B), preparation of cell suspensions by combined

enzymatic/mechanical digestion resulted in the highest percentage

of CD3+ (23 ± 9%) and CD45+ (65 ± 10%) cells (Figure 1C;

Supplementary Figure 2). Based on these results, all further

experiments with NP were performed using combined enzymatic/

mechanical digestion.
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3.2 Higher cell count and viability of
BALF cells upon preprocessing with
DNAse than with Basic MicroBeads

As initial MC acquisitions of NP cell suspensions showed

clogging more frequently than blood samples, we tested DNAse

solution and Basic MicroBeads, separately and in combination,

to minimize cell clumping mediated by DNA released from dead

or dying cells, or to remove debris and dead cells, respectively. As

described in detail in Methods, all treatments were applied to 3 x

106 cells/mL. In blood samples, the mean cell counts were 1.4 x

106 cells/mL after DNAse application, 1.4 x 106 cells/mL after the

use of Basic MicroBeads, and 1.0 x 106 cells/mL after applying

both treatments combined (Figure 2A). The corresponding
Frontiers in Immunology 06
mean cell viabilities were 91 ± 4%, 93 ± 2%, and 95 ± 2%

respectively (Figure 2B). Similarly, the three different

preprocessing protocols were showing a comparable trend in

NPs regarding cell counts (DNAse: 2.78 x 106 ± 1.15 x 106, Basic

MicroBeads: 1.98 x 106 ± 0.58 x 106, and DNAse+Basic

Microbeads: 1.46 x 106 ± 0.49 x 106 cells/mL Figure 2C) and

viability (77 ± 5%, 65 ± 14%, and 63 ± 17% respectively,

Figure 2D). As for the BALF, the mean cell count was 1.39 x

106 ± 0.62 x 106 cells/mL after DNAse treatment, while Basic

MicroBeads yielded 3.43 x 105 ± 1.79 x 105 cells/mL on average,

and both protocols combined resulted in a mean cell count of 3.9

x 105 ± 1.6 x 105 cells/mL (Figure 2E). A similar tendency was

observed in mean percentage of cell viability with respects to the

different protocols used: 77 ± 4% for DNAse, 47 ± 11% for Basic
A B

C

FIGURE 1

Nasal polyp digestion protocols for mass cytometry. (A) Nasal polyps were minced, and submitted to one of the following digestion protocols: 1.
incubation at 37°C in a water bath for 40 min in collagenase solution; 2. incubation on ice for 60 min in protease solution; and 3. incubation for 53 min
in enzyme mix (A, D, and R enzymes) in GentleMACS® (Miltenyi). Single cell suspensions obtained were used for labeling according to the Maxpar Direct
Immune Profiling Assay (MDIPA) protocol (figure created with BioRender.com). (B) Mean metal intensity (MMI) of CD3, CD45 and CD11b positive live
cells obtained with each protocol by mass cytometry. Bars represent mean of three independent experiments. (C) Percentage of CD3, CD45 and CD11b
positive live cells obtained with each protocol by mass cytometry. Lines represent mean of three independent experiments.
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MicroBeads, and 44 ± 9% for DNAse + Basic MicroBeads,

respectively (Figure 2F). During acquisition, we experienced

fewer clogging events (perceived by increase in argon gas

pressure (in pounds per square inch (psi)), as well as by the

variability on the speed of sample injection (in µL/sec) in

samples where DNAse was used as compared to those

prepared with Basic MicroBeads alone (data not shown).

Based on this observation and the fact that DNAse treatment

alone yielded higher cell count and viability for BALF, we

decided to include DNAse treatment in our sample processing

protocol. Though only minor differences between preprocessing
Frontiers in Immunology 07
protocols were observed in NPs and blood, we also included

DNAse treatment for the processing of these tissues

for consistency.
3.3 Titration of additional antibodies
anti-human CD11b, CD23 and FcϵRI

To gain a broad overview of immune cell subpopulations

present in blood, NP and BALF, tailored to the analysis of type 2

immunopathology we used the commercially available MDIPA
A

B D

E

F

C

FIGURE 2

Effect of DNAse and/or microbeads on cell count and viability in different sample types. (A-F) Single cell suspensions were treated with either DNAse
solution, Basic MicroBeads (Miltenyi), or combined DNAse solution + Basic MicroBeads (Miltenyi), prior to labeling according to Maxpar Direct Immune
Profiling Assay protocol. The upper graphs show the cell count after treatment for (total number, y-axis) (A) blood (B) nasal polyp and (C)
bronchoalveolar lavage fluid (BALF) and lower graphs show the percentage of cell viability upon acquisition (given in percentage, y-axis) for (D) blood,
(E) nasal polyp, and (F) BALF using the three above mentioned treatments. Lines represent mean of three independent experiments.
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antibody panel as a backbone (20, 23), and integrated antibodies

labeling the high and low affinity receptors for IgE (FcϵRI and
CD23, respectively), and the macrophage marker CD11b

(Supplementary Table 2). These three antibody conjugates

were titrated using blood, BALF and NP cells to determine the

optimal labeling concentration for all three tissues, by testing

different dilutions for labeling (Figures 3A–C). Based on stain

index and percentage of stained cells, we considered a dilution of

1:200 for CD11b as optimal for all three sample types. For the

CD23 antibody the dilution of 1:400 was selected for blood, and

1:200 for BALF and for NP cells; for the FcϵRI antibody a

dilution of 1:200 in blood and 1:400 in BALF and NP cells.
3.4 Staining with extended MDIPA panel
and data analysis using dimensionality
reduction algorithm

After optimizing sample processing, handling and antibody

dilutions were optimized, we validated the workflow and labeling

protocol, on blood, NP and BALF samples (Figures 4, 5). After

data cleanup (Supplementary Figure 1) sample data were analyzed

in Cytobank using opt-SNE which is an unsupervised algorithm

that provides a broad visualization of events in 2-dimensional

map of multidimensional data and allows reproducibility of the

analysis. Overall, all major leukocyte subsets were identified in all

sample types according to their canonical phenotypes, such as T

cells (CD3+), including CD4+ helper T cells (blood 40.3 ± 7.9%;

NP 20.5 ± 9.6%) and CD8+ cytotoxic T cells (blood 16.1 ± 8.7%;

NP 24.8 ± 10.3%), monocytes (CD14+) (blood 18.1 ± 2.7%), and B

cells (CD19+) (blood 5.5 ± 2.4%; NP 8.9 ± 7.2%) (Figures 5, 6,

additional markers: Supplementary Figures 3–5; percentage of

major immune cell subpopulations: Supplementary Tables 3).

Additionally, we identified ILC2 cells (Lin-, CD127+, CD294+,

CD161+) in NPs, and an NK cell population expressing CD161.

Furthermore, the additional markers CD23 and FcϵRI enable the
identification of cell expressing IgE receptors, while CD11b

improved the accuracy of the determination of monocytes, NK

cells, dendritic cells, and macrophages, according to the specimen

in question (blood, BALF or NP).

For BALF analysis, samples derived from three patients

suffering from different airway diseases were chosen: BALF 1-

non-small cell lung carcinoma, BALF 2-post-COVID-19, BALF

3-asthma (Figure 6). The distinct differences between the three

samples, e.g., enrichment in CD3+ cells in post-COVID-19 BALF,

were consistent with the results obtained from cytospins

(Supplementary Method 1) which showed higher levels of

lymphocytes in BALF 2-post-COVID-19 (11% of total cell count)

as compared to the other two samples (BALF 1-non-small cell lung

carcinoma: 2%, BALF 3-asthma: 1%) (Supplementary Table 3 and

Supplementary Figure 5; percentage of major immune cell

subpopulations: Supplementary Table 4).
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4 Discussion

Here we developed and tested a protocol for preparation and

labeling of NP and BALF cells for analysis by MC.We found that

the use of GentleMACS for tissue dissociation and of DNAse

treatment in the sample preprocessing improved cell count,

viability and performance of sample acquisition as compared

to other methods. Using our improved protocol, we were able to

detect expression of 33 major immune markers across all

assessed sample types based on the commercially available

MDIPA panel including additional in-house antibodies (initial

gate: CD45+CD66b-; main figures: 10 commonly used immune

markers; supplementary figures: additional 21 markers). Thus,

we established a protocol for optimal processing of NP and

BALF cells, thus setting the foundation for immune cell

phenotyping by MC for future studies in airway diseases.

The immune cell composition of human airways is of great

interest, as immune responses to environmental agents are

playing a central role in many diseases affecting the human

airways including asthma or CRS. With new techniques

available, many studies currently apply single-cell RNA

sequencing (19) or protein profiling (24) for the analysis of the

immune response. For analysis of immune populations at a

cellular level, flow cytometry is widely used both in BALF (25)

and CRSwNP (26). During recent years, MC is becoming

increasingly popular for deep immune profiling of PBMCs (27,

28) but its application in human non-blood derived cells

especially of the human airways is still limited (12, 13). One

potential reason for this is the lack of validated protocols for

tissue preparation. Here we aimed to close this gap by providing

a detailed, optimized, and uniform MC labeling protocol for

human airway derived cells.

The first challenge in establishing the protocol was the

digestion of NPs. We tested different processing protocols to

identify the method for optimal preservation of cell diversity

whilst thoroughly disrupting tissue structure. We found the

GentleMACS™ dissociator system, which has previously been

applied for the preparation of single cell suspension of NPs (29)

and nasal mucosa (30) to yield optimal results in terms of cell

viability and cell count. These observations are in line with other

studies reporting that the automated enzymatic and mechanic

GentleMACS™method is a fast and efficient approach avoiding

extensive cell disruptions, as observed with manual processing

(31) whilst achieving more than 85% viability in cell suspensions

(32). For some difficult to digest tissues, such as renal tumors, an

additional overnight pre-digestion step with collagenase may be

required to obtain single cell suspensions (33). However, as we

achieved complete digestion of the polyp tissue using the

commercially available kit, we did not test the effect of

additional collagenase treatment in our protocol. Interestingly,

protease digestion, despite yielding the lowest cell count, still

preserved a higher viability of the cells than collagenase. The
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latter could be explained by the ability of protease to cause less

cellular stress response than collagenase treatment in line with

O’Flanagan et al. (34). Importantly, we observed that the

GentleMACS™ based procedure was also more efficient in

preserving major immune cell populations (CD3+, CD11b+

and CD45+) in comparison to collagenase and protease-based

methods. Although the composition of the GentleMACS™ kit is

not disclosed by the manufacturer, it can be speculated that the

cocktail of digesting reagents contained in the kit has been
Frontiers in Immunology 09
carefully chosen and titrated, explaining the optimal

performance. Furthermore, the fact that it has both

mechanical and enzymatic components may also contribute to

the efficiency of this protocol.

As acquisition of samples did not always run smoothly and

clogging occurred frequently towards the end of the run

especially when BALF was acquired, our protocol required

further optimization to reduce cell debris. DNAse has been

previously successfully applied for declumping of cells without
A

B

C

FIGURE 3

Titration of anti-human CD11b, anti-human CD23, and anti-human FcϵRI antibodies for expansion of the MDIPA panel. (A-C), (A) Blood,
(B) bronchoalveolar lavage fluid (BALF) and (C) nasal polyp were stained with serial dilutions (1:100, 1:200, 1:400, 1:800 and unstained
control) of 209Bi anti-human CD11b (left panels), 159Tb anti-human CD23 (middle panel) and 116Cd anti-human FcϵRI (right panels). Lower
panels show mean metal intensity (left y-axis) and percentage of cells positive for the respective antibody (right y-axis).
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affecting expression of standard markers (35). Especially for later

analysis in MC, a better live cell yield has been reported by the

use of collagenase in combination with DNAse as compared to

collagenase alone in tissue preparations from various tissues

such as melanoma or small lung cell carcinoma (36). The Basic

MicroBeads have previously successfully been used for

enhancing the isolation of rare cell populations by removal of

dead cells (37) but also for MC protocols (38). Thus, we

evaluated DNAse and Basic MicroBeads, either separately or

sequentially, as methods to clean the single-cell suspensions of

NP and BALF for acquisition. Whilst the three different

protocols performed similar for blood and NPs, DNAse was

superior in removing dead cells from BALF whilst MicroBeads

seemed to damage cells as well as impeded the removal of debris

in BALF leading to a lower viability. Consequently, the DNAse

was incorporated as a pre-processing step before labeling for all

the samples.

Once the expanded panel was ready, full labeling of blood,

BALF and NP cells proceeded according to the presently

established protocols. Obtained normalized data was cleaned

up applying the strategy described by Bagwell et al. (22) in FCS

Express™ 7 (Supplementary Figure 2). However, MC data

analysis is not a one-size-fits-all as panels with a plethora of

markers cannot be analyzed using conventional approaches

assessing one marker at a time (39). Here we used Cytobank, a

cloud based software that allows for a fast and uncomplicated
Frontiers in Immunology 10
analysis without requiring experience in programming

languages such as R, Python or Matlab (3). This software

offers different algorithms for dimensionality reduction as well

as clustering analysis, such as viSNE and SPADE and thus

provides users with an exploratory approach for high-

dimensional single-cell analysis. We chose to present our data

using opt-SNE, for it allowed the visualization of cell subsets

present in each specimen in a reproducible way, the comparison

of the cell subsets among samples and the correlation to patient

conditions. Our observations corroborate the work of Belkina

et al. which demonstrates that for dimensionality reduction, opt-

SNE can produce better results than the other t-SNE algorithms

available in Cytobank, once the parameters have been adjusted

adequately (40).

In this context, it was possible to observe both the consistency

of the analysis for blood and NP, as well as the differences in BALF

immune cell composition according to the respective disease

(Figures 5, 6; Supplementary Figures 3–5; percentage of major cell

populations obtained in NP and BALF: Supplementary Tables 3, 4)

which are in line with previously published data: NPs showed an

increased percentage of CD8+ T cells and consecutively a lower

percentage of CD4+ T cells amongst CD3+ cells, as compared to

PBMCs (41). The distribution of MAIT cells in PBMCs and NPs

was comparable to those previously described (42). Importantly, we

were also able to identify a small but distinct cell population

showing characteristic features of ILC2 (Lin-, CD127+, CD294+,
A

B

C

FIGURE 4

Overview of modified labeling protocol with Maxpar Direct Immune Profiling Assay (MDIPA) panel for mass cytometry (MMDIPA) using human
(A) blood, (B) bronchoalveolar lavage fluid (BALF), and (C) nasal polyp. (1) After collection, (2) samples were worked up following the MMDIPA
protocol established. (3) The obtained single cell suspensions were acquired in a Helios® (Standard BioTools), and (4) the data were analysed
using selected softwares (figure created with BioRender.com).
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A

B

DC

FIGURE 5

Immune cell markers in human blood and nasal polyp. (A, B) Opt-SNE plots show selected markers of the modified Maxpar Direct Immune
Profiling Assay (MMDIPA panel), namely CD3, CD4, CD8a, CD11b, CD14, CD19, CD23, CD38, CD56, and FcϵRI in (A) Blood and (B) nasal polyp
single cell suspensions acquired in Helios® (Standard BioTools). The scales vary throughout the plots according to the intensity presented by the
markers. Plots shown are representative of three independent experiments. (C) Identification of immune cell populations in blood using mass
cytometry. Opt-SNE show manually selected cell populations: Antibody Secreting Cells (ASCs), B Cells, CD4+ T Cells, CD8+ T Cells, Gamma-
Delta T Cells, Mucosal-associated invariant T (MAIT) Cells, Natural Killer (NK) Cells, Myeloid Dendritic Cells (mDCs), Plasmacytoid Dendritic Cells
(pDCs), Classical Monocytes, Non-classical Monocytes, and Basophils. (D) Identification of immune cell populations in nasal polyp using mass
cytometry. Opt-SNE s show manually selected cell populations: ASCs, B Cells, CD4+ T Cells, CD8+ T Cells, Gamma-Delta T Cells, MAIT Cells,
Type 2 Innate Lymphoid Cells (ILC2s), NK Cells, Dendritic Cells (DCs), Macrophages, Mast Cells, CD38+CD56+CD161+ Cells. The manually
annotated populations in (C) and (D) are overlaid as a color-dimension.
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CD161+) at a percentage in line with work from two different

groups employing a similar identification approach in MC and flow

cytometry (12, 43). Furthermore, we identified a unique NK cell

population expressing CD161, a marker defining most likely a pro-

inflammatory subset of NK cells (44). In BALF, macrophages

represent approximately 90% of the cell population (45), therefore
Frontiers in Immunology 12
clusters appear less separated as they present diverse activation

stages and origins of the same populations (alveolar and monocyte-

derived, for instance) (46). We found that our observed percentages

of immune cell populations assessed with MC in BALF 1 and BALF

3 were in line first with the cell slides prepared from the identical

samples (Supplementary Table 4 and Supplementary Figure 6), and
A B

D

C

FIGURE 6

Immune cell markers in human bronchoalveolar lavage fluid (BALF) of diverse patients acquired in Helios® (Standard BioTools). (A-C) Opt-SNE
plots show selected markers of the modified Maxpar Direct Immune Profiling Assay (MMDIPA panel) namely CD3, CD4, CD8a, CD11b, CD14,
CD16, CD23, CD38, CD56, and FcϵRI. BALFs from patients with (A) non-small cell lung carcinoma (BALF 1), (B) previous COVID-19 infection
(BALF 2) and (C) asthma (BALF 3) are shown. Plots shown are representative of three independent experiments. (D) Identification of immune cell
populations in the three BALF using mass cytometry. Opt-SNE show manually selected cell populations: B Cells, CD4+ T Cells, CD8+ T Cells,
Natural Killer (NK) Cells, Macrophages. The manually annotated populations in (C) and (D) are overlaid as a color-dimension.
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second with available literature reporting the preponderance of

macrophages, the prevalence of CD4+ upon CD8+ T cells, and the

very low and variable numbers of B cells and NK cells (13, 47–49).

BALF 2 showed a strong lymphocytosis typical for COVID-19

disease (50). Furthermore, the differential expression of markers by

macrophages observed viaMCwas in line with previously reported

macrophage marker patterns in different airway disease entities (16,

51, 52). Thus, our data confirm that MC is well suited for

identification of immune cell subsets across various tissues.

Our work has limitations, such as the relatively small

number of samples for the replicates of the experiments. In

this respect, it needs to be borne in mind that the goal was to

optimize a protocol for preparation, acquisition, and analysis of

human airway derived samples. Due to a relatively high number

of cells required for MC and limited availability of samples, we

could not perform flow cytometry stainings with the same

antibodies in parallel, which would have been ideal for

validation of our protocol. However, as reported above, the

percentage of cell populations is in line with previously

published observations in NP and BALF samples using flow

cytometry. Furthermore, due to ethical reasons we did not

include nasal mucosa biopsies or BALF from healthy

volunteers, which will be of interest in future studies further

characterizing the cells. This newly established protocol warrants

future validation involving a representative number of patients

suffering from different diseases to ensure reproducibility of the

methods, ideally in a multicenter setting.

In summary, MC is an exciting method for exploration of

immune subsets currently allowing for the detection of up to 60

individual markers simultaneously in a single sample (2). Our

validated protocol helps to study and compare samples derived

from the human airways applying MC. We lay the foundation

for the comparative study of blood, airway mucosa and BALF

from the patients by MC enabling in depth characterization of

immune cells in diseases of upper and lower respiratory tract.
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