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Abstract

High-dimensional mass cytometry data potentially enable a comprehensive charac-
terization of immune cells. In order to positively affect clinical trials and translational
clinical research, this advanced technology needs to demonstrate a high reproducibil-
ity of results across multiple sites for both peripheral blood mononuclear cells
(PBMC) and whole blood preparations. A dry 30-marker broad immunophenotyping
panel and customized automated analysis software were recently engineered and are
commercially available as the Fluidigm® Maxpar® Direct™ Immune Profiling Assay™.
In this study, seven sites received whole blood and six sites received PBMC samples
from single donors over a 2-week interval. Each site labeled replicate samples and
acquired data on Helios™ instruments using an assay-specific acquisition template.
All acquired sample files were then automatically analyzed by Maxpar Pathsetter™
software. A cleanup step eliminated debris, dead cells, aggregates, and normalization
beads. The second step automatically enumerated 37 immune cell populations and
performed label intensity assessments on all 30 markers. The inter-site reproducibil-
ity of the 37 quantified cell populations had consistent population frequencies, with
an average %CV of 14.4% for whole blood and 17.7% for PBMC. The dry reagent
coupled with automated data analysis is not only convenient but also provides a high
degree of reproducibility within and among multiple test sites resulting in a compre-

hensive yet practical solution for deep immune phenotyping.
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1 | INTRODUCTION

Multi-site studies have been successfully performed in flow cyto-
metry, but only a few multi-site mass cytometry studies have been
reported (Blazkova et al., 2017; Leipold et al., 2018) and no mass
cytometry-based study has examined the reproducibility of whole
blood preparations or dry antibody panels. In mass cytometry, the use
of an inductively coupled plasma mass spectrometer to detect heavy
metal-tagged probes on a single-cell basis mitigates the issue of spec-
tral overlap between detection channels, easily allowing for the use of
>40 simultaneous measurements.

Peripheral blood mononuclear cell (PBMC) preparations have use-
ful storage characteristics, which is helpful for doing multi-site studies.
However, immunophenotyping of whole blood specimens is an
industry-standard for clinical trials and other types of clinical studies.
The ability to standardize both PBMC and whole blood immuno-
phenotyping worldwide would have far-reaching ramifications. In a
typical flow cytometry experiment workflow, several areas of variabil-
ity have been identified. Controlling such factors as reagents, sample
handling, instrument setup, and data analysis can lead to standardiza-
tion (Maecker, McCoy, & Nussenblatt, 2012).

This study is part of an initiative to produce a commercially avail-
able product that addresses many of the factors important in develop-
ing a standardized immune monitoring assay for mass cytometry. The
system consists of a dry antibody product capable of identifying many
important immune populations, an instrument setup template, and
automated cleanup and analysis software that enumerates a broad
spectrum of immune cell types. The core of the panel is based on the
recommendation of the Human ImmunoPhenotyping Consortium of
the Human Immunology Project (Finak et al., 2016; Maecker et al.,
2012). Eight additional antibodies (CD28, CD45, CD57, CDé6b,
CD294, CD161, CXCRS5, and TCRy38) were added to the panel to bet-
ter delineate T-cells, NK cells, and granulocytes, and one marker was
dropped (CD24). In addition to the antibodies, the dry antibody cock-
tail also includes rhodium for the discrimination of live/dead cells
(Ornatsky et al., 2008). The details of the 30-marker panel are shown
in Table 1, and the workflow is shown in Figure 1.

The analysis of the panel was performed by Maxpar Pathsetter soft-
ware, which uses probability state modeling (PSM) (Bagwell, 2010;
Bagwell et al., 2015; Bagwell et al., 2018, Leipold, Maecker, & Stelzer,
2016) to obtain frequencies for 37 immune populations (see Table 2 for
model phenotype definitions) as well as stain assessments for all
30 markers. PSM-derived results have been previously shown to correlate
well with manual gating (Herbert, Miller, & Bagwell, 2012; Li et al., 2018,
2019; Miller, Hunsberger, & Bagwell, 2012; Wong et al., 2014; Wong,
Hunsberger, Bruce Bagwell, & Davis, 2013). Many different validation
tests needed to be performed prior to releasing this product. These tests
included liquid versus dry panel, intra-assay repeatability, intermediate
precision, manual gating versus modeling correlations, and inter-site
reproducibility. Most of these validations are presented in a publicly avail-
able white paper. Deep Immune Profiling with the Maxpar Direct Immune
Profiling System 400247 A2) and data from other tests have been added
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TABLE 1 Maxpar direct immune profiling assay 30-marker panel

with clones and heavy metals
Target Clone Metal
Anti-human CD45 HI30 89Y
Live/dead 103Rh-Intercalator (500 pM) N/A 103Rh
Anti-human CD196/CCR6 GO34E3 141Pr
Anti-human CD123 6H6 143Nd
Anti-human CD19 HIB19 144Nd
Anti-human CD4 RPA-T4 145Nd
Anti-human CD8a RPA-T8 146Nd
Anti-human CD11c Bul5 147Sm
Anti-human CD16 3G8 148Nd
Anti-human CD45RO UCHL1 149Sm
Anti-human CD45RA HI1100 150Nd
Anti-human CD161 HP-3G10 151Eu
Anti-human CD194/CCR4 L291H4 152Sm
Anti-human CD25 BC96 153Eu
Anti-human CD27 0323 154Sm
Anti-human CD57 HCD57 155Gd
Anti-human CD183/CXCR3 G025H7 156Gd
Anti-human CD185/CXCR5 J252D4 158Gd
Anti-human CD28 CD28.2 160Gd
Anti-human CD38 HB-7 161Dy
Anti-human CD56/NCAM NCAM16.2 163Dy
Anti-human TCRgd B1 164Dy
Anti-human CD294 BM16 166Er
Anti-human CD197/CCR7 G043H7 167Er
Anti-human CD14 63D3 168Er
Anti-human CD3 UCHT1 170Er
Anti-human CD20 2H7 171Yb
Anti-human CD66b G10F5 172Yb
Anti-human HLA-DR LN3 173Yb
Anti-human IgD 1A6-2 174Yb
Anti-human CD127 A019D5 176Yb

to the Supporting Information. The purpose of this study is to report in
detail on the last stage of validation where the reproducibility of the
kit/analysis system was evaluated by multiple sites for both PBMC and

whole blood samples from healthy human subjects.

2 | MATERIALS AND METHODS

2.1 | Study sites

A total of seven sites (six in the United States plus Fluidigm Canada)
were selected to participate in these reproducibility studies. These
sites are designated as Sites 1, 2, 3, 4, 5, 6, and 7. Site 1 received
whole blood products in Week 1 of the study, for which it is desig-

nated as Site 1A, and in the second week of the study received whole
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Assay workflow
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FIGURE 1 Assay workflow. Based on the broad immune cell phenotyping flow panels for the Human Immune Project (Maecker et al., 2012),
the Maxpar Direct Immune Profiling Assay was designed as an optimized panel of 30 dry antibodies plus DNA intercalators in a single tube for
staining whole blood and PBMC. Data were acquired on a Fluidigm Helios and analyzed using Maxpar Pathsetter, a customized automated
analysis system powered by GemStone 2.0. Pathsetter software automatically cleans the data file by eliminating dead cells, debris, aggregates,
and normalization beads. Modeling software then identifies and enumerates a broad spectrum of immune populations and presents the results in

summary reports [Color figure can be viewed at wileyonlinelibrary.com]

blood products from a second draw from the same donor, for which it
is designated as Site 1B. Site 1 did not participate in the PBMC part of
the study. Sites 2, 3, and 4 received whole blood and PBMC samples in
Week 1, and Sites 5, 6, and 7 received the products in the second
week. All sites were given careful instructions on the staining and anal-
ysis procedures, and Fluidigm Field Application Specialists were on
hand to provide general guidance on all the procedures.

2.2 | Whole blood collection and shipping

Human whole blood was obtained from Discovery Life Sciences
(Huntsville, AL). Whole blood from a single healthy donor was col-
lected into eight individual BD Vacutainer® blood collection tubes
containing heparin as an anticoagulant. Two tubes of the whole blood
were shipped on cold packs to each study site overnight in a

temperature-controlled shipping container.

2.3 | Whole blood staining

An additional heparin blocking step was performed (100 U/ml) for
20 min at room temperature to reduce nonspecific binding between
metal-tagged antibodies and eosinophils (Rahman, Tordesillas, &
Berin, 2016). Afterward, 270 pl of blood was added directly to four
dry antibody tubes and allowed to incubate for 30 min at room tem-
perature. Immediately following staining, erythrocytes were lysed by
the addition of 250 pl of Cal-Lyse directly to the staining tube. The
tubes were gently vortexed and allowed to incubate for 10 min at
room temperature followed by the addition of 3 ml of Maxpar water
and an additional 10 min of incubation. The tubes were washed three
times in Maxpar Cell Staining Buffer (CSB) followed by fixation in
1.6% paraformaldehyde for 10 min. Following fixation, the cells were
spun to a pellet, the fixative removed, and the pellet was resuspended
in 1 ml of the 125 nm Cell-ID™ Intercalator-Ir (Ornatsky et al., 2008)

and incubated overnight at 4° (See Figure 1 for the assay workflow).

2.4 | PBMC specimens

One lot of cryopreserved PBMC from a single healthy donor was
obtained from a commercial biological specimen supply source
(Discovery Life Sciences) and reserved as the reference lot for the
study. Two vials of cryopreserved PBMC were shipped on dry ice to
each of six sites. The PBMC samples were thawed based on the man-
ufacturer's (Discovery Life Sciences) recommendations, which was to
thaw in serum-free media with no anti-aggregate.

2.5 | PBMC staining

A vial of cryopreserved PBMC was thawed and washed. The viability
and cell count were determined and the cells were washed in CSB.
After the wash, the cells were resuspended in CSB to a concentration
of 6 x 107 cells/ml. FC receptors were blocked by adding 5 pl of
Human TruStain FcX to 3 x 10° cells in 50 ul and incubated for
10 min. About 215 pl of CSB was then added to the PBMC. About
270 pl of the PBMC was added directly added to each of the four dry
antibody tubes for antibody staining (see Table 1). After a 30-min
incubation, the cells were washed twice in CSB, followed by fixation
in 1.6% paraformaldehyde for 10 min. Following fixation, the cells
were spun to a pellet, the fixative was removed, and the pellet was
resuspended in 1 ml of the 125 nM Cell-ID Intercalator-Ir and incu-
bated overnight at 4°.

2.6 | Sample acquisition

Following the overnight incubation, the PBMC fixed cells were
washed twice in CSB and twice with Maxpar Cell Acquisition Solution
(CAS) with a final resuspension of the cells at 1 x 10° cells/ml in CAS
containing 0.1x EQ™ Four Element Calibration Beads. Whole blood
sample acquisition was also performed the next day post staining on a
Helios system utilizing CyTOF® Software version 6.7.1016 using the

Maxpar Direct Immune Profiling Assay template. All instruments were


http://wileyonlinelibrary.com

S RVTESVE CLINICAL CYTOMETRY

TABLE 2

Index

NV 0O N o AWN e

W W WRNNRNRNRNNDNRNNDNRRB R B B B B B b oy
N R O 0 ©® N &8 O B WN P O 0V ® N O M W N R O

33
34
35
36
37

Populations
Lymphocytes

CD3 T cells

CD8 T cells

CD8 naive

CD8 central memory
CD8 effector memory
CD8 terminal effector
CD4 T cells

CD4 naive

CD4 central memory
CD4 effector memory
CD4 terminal effector
Tregs

Th1-like

Th2-like

Th17-like

y T cells

MAIT/NKT cells

B cells

B naive

B memory
Plasmablasts

NK cells

NK early

NK late

Monocytes
Monocytes classical
Monocytes transitional
Monocytes non-classical
DCs

pDCs

mDCs

Granulocytes
Neutrophils
Basophils
Eosinophils

CDé66b- neutrophils
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Immune cell populations and model definitions

Model phenotypes

CD3 T cells + B cells + NK cells + plasmablasts

CD8 T cells + CD4 T cells + y3 T cells + MAIT/NKT cells

CD3+ CD66b- CD19- CD8+ CD4- CD14- CD161- TCRgd- CD123- CD11c-
CD8 T cells + CD45RA+ CCR7+ CD27+

CD8 T cells + CD45RA- CCR7+ CD27+

CD8 T cells + CCR7- CD27+

CD8 T cells + CCR7- CD27-

CD66b- CD3+ CD8- CD4+ CD14- TCRgd- CD11c-

CDA4 T cells + CD45RA+ CCR7+ CD27+

CDA T cells + CD45RA- CCR7+ CD27+

CDA T cells + CD45RA- CCR7- CD27+

CD4 T cells + CD45RA- CCR7- CD27-

CDA4 T cells + CD25+ CD127- CCR4+

CDA4 T cells + CXCR3+ CCR6- CXCR5- CCR4-

CDA4 T cells + CXCR3- CCR6- CXCR5- CCR4+

CDA4 T cells + CXCR3- CCR6+ CXCR5- CCR4+

CDé66b- CD3+ CD8dim,- CD4- CD14- TCRgd dim,+

CDé66b- CD3+ CD4- CD14- CD161+ TCRgd- CD28+ CD16-
CD3- CD14- CD56- CD16 dim,- CD19+ CD20+ HLA-DR dim,+
B cells + CD27-

B cells + CD27+

CD3- CD14- CD16-,dim CD66b- CD20- CD19+ CD56- CD38++ CD27+
CD14- CD3- CD123- CDé66b- CD45RA+ CD56 dim,+

NK cells + CD57-

NK cells + CD57+

CD3- CD19- CD56- CD66b- HLA-DR+ CD11c+

Monocytes + CD14+ CD38+

Monocytes + CD14 dim CD38 dim

Monocytes + CD14- CD38-

pDCs + mDCs

CD3- CD19- CD14- CD20- CD66b- HLA-DR dim,+ CD11c- CD123+

CD3- CD19- CD14- CD20- HLA-DR dim,+ CD11c dim,+ CD123- CD16 dim,- CD38
dim,+ CD294- HLA-D

Neutrophils + basophils + eosinophils + CD66b- neutrophils
CD66b dim,+ CD16+ HLA-DR-

HLA-DR- CDé6b- CD123 dim,+ CD38+ CD294+

CD14- CD3- CD19- HLA-DR- CD294+ CDé66b dim,+

CD3- CD19- CD66b- CD56- HLA-DR- CD123- CD45-

The above table shows the 37 immune cell populations enumerated and their associated model phenotypes.

The modeling algorithm is designed to fit the measurements in the order listed by the phenotype. Nomenclature such as TCRy8 dim,+ means that dim to
positive events were selected. Occasionally the same marker is modeled twice, where the first time is a broader classification and the last time is a more
specific classification. See Section 4 for details on the subsetting and staging rationales for monocytes, CD8 T-cells, and CD4 T-cells.

equipped with a WB Injector, and all samples were acquired in CAS tuning and bead sensitivity test, the system was preconditioned with
containing 0.1x EQ beads. Prior to the start of the study, all instru- CAS. A minimum of 400,000 events for whole blood and 300,000
ments were evaluated to ensure performance at above the minimum events for PBMC were acquired per file at a typical acquisition rate of

Helios system specifications for calibration. Following the instrument 250-500 events/s.
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FIGURE 2 Cleanup and analysis
Cen-se’ maps: The top two panels are
Cen-se’ maps created from the QC
measurements: DNA1, DNA2, Live/
Dead, Beads, Event Length, Residual,
Center, Width, and Offset. The top-
left panel represents the raw
normalized data from one file and the
top-right the associated cleaned
exported data. In the top-left panel, A

Conmez

Before Cleanup
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After Cleanup

Conma2

(dark gray) are the live intact events, B B | - D ’

(blue) are the low-DNA1 or debris = £

events, C (yellow) are the " ¥ "

normalization beads, D (blue) are S e ey " : R

events with zero pulse-processing
parameters (Residual, Center, Width,
and Offset), E (red) are “not cleaned
events” with high Residual and Event
Lengths, F (red) are true aggregates
with high DNA1 and DNA2
intensities, G (yellow) are bead/cell
aggregates, and H (red) are coincident
ion clouds with low and high center
values. The top-right panel is the Cen-
se’ map of only the “cleaned” events.
The bottom panel shows the same
data with all markers selected after
cleanup and modeling [Color figure
can be viewed at
wileyonlinelibrary.com]

A: Intact live cells
B: Debris

2.7 | Data normalization

After acquisition, data were normalized using the CyTOF Software
V. 6.7.1016. This method normalizes the data to a global standard,
called a bead passport, determined for each log of EQ beads. This
passport contains a profile of mean Di counts of all the masses for a
particular lot of the beads as determined by multiple measurements
during the manufacture of the EQ beads. The normalization factor is
the ratio of passport median Di values to bead singlet population
median Di values of the encoding isotopes. Isotopes in the EQ beads
cover the mass range measurable on the CyTOF instrument. The nor-
malization factors for mass channels between the encoding isotopes
are linearly interpolated. All mass channel values for all events are
then multiplied by these normalization factors to obtain the normal-

ized values, and data are written to the normalized file.

2.8 | Data analysis

FCS files generated by the Helios were analyzed by Maxpar
Pathsetter, an automated analysis system powered by GemStone™
2.0.41 (Verity Software House, Topsham, ME). Initial analyses process
raw normalized FCS3.0 files with a specially designed Cleanup PSM
model. The Cleanup model leverages Gaussian pulse-processing
parameters such as Center, Width, Offset, and Residual as well as
DNA intercalators to eliminate unwanted events. Subsequent to
cleanup, the program produces new FCS3.0 files consisting of only

intact live singlet cells. This new cleaned file is then processed by an

C: Normalization beads

D: Aborted pulse processing

E: High event length and residual .
F: True aggregates (doublets/triplets)
G: Bead/cell aggregate

H: Coincident ion clouds

) Conset

After Full Analysis

Con e

automated analysis of a second model, which also uses PSM to iden-
tify and label the major immune cell populations in sample files.

This system is integrated with dimensionality-reduction mapping
known as Cauchy Enhanced Nearest-neighbor Stochastic Embedding
(Cen-se’™), which generates a visual display of high-dimensional data
labeled with the major cell populations. Figure 2 shows a Cen-se’ map of
only QC measurements from one of the whole blood files in the study
before and after the cleanup procedure (see top-left and right panels) as
well as a map of all markers after full analysis (see bottom-right panel).
All analyses were done on the same mid-level PC (Intel® Core™ i7-6700
CP @3.40 GHz RAM: 24 GB x64-based processor). The average run time
for the whole blood Cleanup Stage was 37.3 s with a range of
36.5-37.9. The run time statistics for the other parts of the study were
PBMC Cleanup Stage: 33.2 s (32.2-39.7), whole blood Phenotyping and
Cen-se' Stage: 207.7 s (137.3-227.9), PBMC Phenotyping and Cen-se'
Stage: 233.6 s (212.8-282.1). The complete average analysis time for

the whole blood samples was 4.1 min and for PBMCs, 4.4 min.

3 | RESULTS

3.1 | Whole blood

A total of 32 whole blood-derived files from seven different sites
were analyzed by the cleanup phase of the analysis (see Table 3 for a
summary of the results). On average, 70.9% of the events were con-
sidered desirable “live intact cells”; 26.9% were excluded because they

were classified as dead cells, debris, true aggregates, aborted pulses,
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FIGURE 3 Whole blood reproducibility. The top panel shows the
mean and * SD percentage of live intact cells for all 37 evaluated
populations across all seven sites. The bottom panel shows the
associated %CVs for each population where the average was 14.4%
[Color figure can be viewed at wileyonlinelibrary.com]

intra-site reproducibility is summarized in Table 8 and had an average
and median %CV of 8.4 and 4.5%, respectively, for all sites and

populations.

4 | DISCUSSION

The average event inclusion percentage for this study was approxi-
mately 70% for whole blood (see Table 3) and 76.7% for PBMC (see
Table 6), which are generally comparable to gate-based inclusion per-
centages (data not shown). The site-to-site variability is probably
either due to different environmental factors during the shipping of
the samples or to slightly different site specimen handling techniques.
The increase in %CD14+ CD3+ in Table 3 is due to the inclusion of
the three files with a high CD14 Er168 background.

The average acquisition rate for both the whole blood and PBMC
studies was approximately 300 events/s. Although the acquisition
system can be set for faster rates, the Poisson nature of ion cloud for-
mation creates more coincident clouds at faster rates. Most of these
coincident events are removed in the cleanup stage, but the routine is
not 100% effective in eliminating these events. A rate between
250 and 350 events/s is currently recommended by Fluidigm
(Fluidigm, 2018).

The Cleanup model exports FCS3.0 data that are not only avail-
able for PSM automated analysis but also for other types of cytometry
analysis as well. For investigators interested in oncological samples,
the DNA selection parts of the Cleanup model can easily be

deactivated in order that DNA hyperdiploid populations are not
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TABLE 5 Whole blood intra-site reproducibility
Whole blood intra-site reproducibility %CV
Population Site 1A Site 2 Site 3 Site 4 Average Wk 1 Site 1B Site 5 Site 6 Site 7 Average Wk 2
Lymphocytes 2.8 41 4.0 15 3.1 24 8.3 5.2 4.2 4.0
CD3 T cells 2.6 3.7 3.1 2.2 2.9 2.9 8.4 6.0 2.8 3.9
CD8 T cells 3.3 3.5 3.7 31 34 3.6 6.5 7.9 2.6 4.2
CD8 naive 35 4.0 7.8 3.8 4.8 4.3 8.4 7.0 2.6 51
CDS central memory 4.9 5.0 18.5 8.4 9.2 6.0 5.3 124 2.8 8.0
CDS effector memory 2.5 4.5 1.9 3.7 3.1 2.7 4.0 9.9 4.4 4.1
CDS terminal effector 3.7 4.1 6.8 9.7 6.1 12.0 9.7 6.4 8.7 7.5
CDAT cells 2.6 4.0 3.0 1.9 2.9 2.9 10.3 4.7 2.9 3.9
CD4 naive 4.1 5.7 17.7 21 74 20 7.1 29 3.8 5.9
CD4 central memory 33 4.5 7.4 15.3 7.6 8.0 233 3.9 7.5 9.0
CD4 effector memory 4.2 4.8 0.6 8.6 4.6 2.2 6.0 6.3 1.7 4.3
CD4 terminal effector 9.4 6.1 42 7.3 6.7 3.6 8.1 10.6 14 6.4
v8 T cells 3.9 3.8 4.7 31 3.9 15 5.9 7.3 4.3 4.3
MAIT/NKT cells 34 1.9 24 10.9 4.6 4.0 2.6 12.0 4.1 5.1
B cells 4.0 6.5 235 1.9 9.0 3.1 11.8 12.5 57 8.7
B naive 44 6.6 254 2.0 9.6 2.6 10.7 13.6 5.9 9.0
B memory 2.8 6.9 12.8 3.9 6.6 7.0 20.6 8.5 5.0 8.2
Plasmablasts 11.3 9.7 15.5 217 14.5 10.3 16.3 15.8 11.7 141
NK cells 4.3 41 8.5 1.7 4.6 1.6 9.0 3.2 9.4 5.2
NK early 4.3 5.0 7.0 1.9 4.6 21 12.6 5.8 10.1 5.9
NK late 45 15 19.6 4.0 74 0.9 6.9 8.8 7.5 6.8
Monocytes 2.7 1.9 4.2 10.7 4.9 54 212 2.0 11 6.0
Monocytes classical 2.7 2.0 3.6 13.5 5.5 5.6 22.2 2.8 1.2 6.6
Monocytes transitional 4.4 9.3 29.5 7.9 12.8 6.8 10.6 16.5 2.7 11.2
Monocytes non-classical 5.2 5.8 13.1 6.6 7.7 2.4 19.5 7.5 8.7 8.5
DCs 35.0 7.9 214 16.7 20.3 5.4 8.5 4.7 4.7 13.8
pDCs 5.8 3.0 9.7 1.6 5.0 11.0 15.0 9.6 7.0 7.5
mDCs 434 11.9 26.3 241 264 3.2 6.1 6.1 3.7 16.8
Granulocytes 1.2 1.9 1.6 0.8 14 0.2 2.6 21 1.2 14
Neutrophils 1.0 1.8 21 2.6 1.9 0.5 2.5 21 1.2 1.7
Basophils 5.6 2.6 15 7.9 44 4.3 6.5 7.0 1.9 4.6
Eosinophils 14.4 3.8 3.5 4.1 6.5 2.0 5.5 3.1 2.6 5.1
CDé66b- Neuts 8.6 73.7 38.9 53.2 43.6 36.6 35.9 66.1 374 43.8
Tregs 5.0 2.6 251 3.7 9.1 5.6 7.0 4.5 4.6 7.5
Th1-like 29 7.0 6.4 4.9 5.3 5.9 8.6 30.0 6.2 8.6
Th2-like 3.9 4.0 5.2 5.2 4.6 7.0 11.0 19.3 7.6 7.5
Th17-like 4.9 5.6 14.5 1.9 6.7 3.8 13.2 29.9 3.9 9.4
Mean 6.4 6.6 10.9 7.7 7.9 5.2 10.7 10.4 5.5 7.9

removed. However, if these measurements are deactivated, the num-
ber of true aggregates in the exported “cleaned” file is likely to
increase. The data obtained in the multi-site study were generated
using a prototype panel lot. Three out of 24 runs were excluded from

the data presented due to background signals in the Er168 channel,

which has been eliminated in subsequent manufacturing lots.

The staging approach for CD8 T-cells (see Table 2) was to first
model the downregulation of CCR7 and CD27 to stratify events into

three compartments: naive + central memory, effector memory, and

terminal effector. CD45RA was found not to be a good modeling

marker for staging because of its relatively wide line-spread (data not

shown) and branched nature (Inokuma, Maino, & Bagwell, 2013). The
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TABLE 6 PBMC cleanup summary statistics

Multi-site PBMC reproducibility study: Cleanup statistics?

CLINICAL CYTOMETRY RV vl

% % % % %
Sites  Replicates Clean® Excluded Beads Unclass© Debris
Site2 1 76.9 21.7 14 0.1 4.0
2 75.9 22.8 1.3 0.1 5.2
3 77.3 215 1.1 0.1 4.1
4 782 20.5 1.3 0.1 43
Site3 1 737 24.0 2.2 0.1 6.8
2 68.8 28.4 2.6 0.1 8.7
3 76.6 16.7 6.6 0.1 3.0
4 75.2 19.4 5.3 0.1 4.0
Site4 1 72.1 27.0 0.8 0.1 6.2
2 66.4 326 0.7 0.2 6.2
3 79.2 19.5 1.2 0.1 4.0
4 76.7 21.7 1.5 0.1 5.1
Site5 1 75.7 228 14 0.1 22
2 782 20.0 1.7 0.1 2.0
3 75.9 22.5 1.5 0.1 2.8
4 774 20.2 22 0.2 82
Site 65 1 75.6 233 1.0 0.1 4.6
2 74.4 24.9 0.6 0.1 6.1
3 83.6 15.3 11 0.0 2.5
4 75.7 19.5 4.7 0.1 4.9
Site7 1 81.7 17.4 0.8 0.0 1.9
2 80.7 18.6 0.7 0.0 1.7
3 82.0 17.4 0.6 0.0 14
4 83.5 15.9 0.6 0.0 1.4
Mean 76.7 214 1.8 0.08 42

2All samples were stained with Maxpar Direct Immune Profiling Assay.

bPercent of total events. %Cleaned+%Excluded+%Beads+%Unclassified = 100.

% % CeO, Acq %CD19+ %CD14+ Total Run
Dead Aggs ratio rate CD3+9 CD3+° Cells timef
0.3 114 1.8 316.5 0.3 1.2 300,000 32.2
0.3 111 1.9 298.8 0.3 14 300,000 33.2
0.2 111 1.9 313.2 03 1.1 300,000 33.0
0.2 10.1 1.2 2142 0.2 11 288,975 324
0.1 11.4 2.1 266.1 04 1.3 298,335 33.1
0.1 13.2 2.1 303.5 0.5 1.6 400,000 39.9
0.1 7.8 2.0 248.3 0.2 1.2 300,000 33.6
0.1 9.0 2.0 279.3 03 1.9 300,000 32.9
0.6 15.0 2.8 4132 0.6 1.5 300,000 33.7
0.4 18.2 3.3 4149 0.5 1.6 300,000 33.3
0.3 10.6 3.0 300.0 04 14 300,000 32.5
0.2 11.3 2.9 295.6 0.5 1.5 300,000 32.8
0.2 15.5 1.1 403.8 0.5 14 300,000 32.9
0.0 13.5 1.1 3610 04 1.3 300,000 32.6
0.2 15.2 1.2 394.7 04 7.9 300,000 32.7
0.4 7.6 1.2 241.5 0.2 14.2 300,000 32.5
3.1 11.0 1.4 2542 0.2 1.2 300,000 33.0
3.6 10.2 1.4 2447 0.3 1.9 297,593 32.6
2.8 54 14 127.6 0.1 20 300,000 32.8
4.0 6.5 1.4 164.5 0.2 2.3 300,000 324
1.3 11.7 1.7 317.1 03 1.3 300,000 32.9
1.6 12.9 1.6 356.7 0.3 2.0 300,000 33.0
1.0 12.4 1.7 3394 04 1.8 295,265 33.0
0.9 111 1.9 308.3 0.3 1.7 300,000 32.7
0.9 11.4 1.8 299.1 03 2.3 303,340 33.2

“Percent of events that were not classified into the cell types Cleaned, Excluded, or Beads.

dpercent of CD19+ CD3+ double positives of CD19+ singlets + CD3+ singlets.
®Percent of CD14+ CD3+ double positives of CD14+ singlets + CD3+ singlets.

fUnits of seconds.

&The first acquisition of Site 6 samples had insufficient EQ Beads for normalization. Samples were spun down and resuspended again in fresh CAS/0.1 EQ

Beads to acquire data for analysis.

system then used a combinatory analysis system called TriCOM to
divide the first stage into its naive and central memory components.
The staging approach for CD4 T-cells (see Table 2) was to model the
downregulation of CD45RA, CCR7, and CD27 to create the four
stages: naive, central memory, effector memory, and terminal effector.
The CD4 T-cell terminal effector was assumed to be CD45RA-
because CD45RA+ events were generally not observed in any sample
in this study (see Figure 5) and it has been recognized that there are a
few if any CCR7— CD45RA+ events in the CD4 T-cell compartment
for healthy individuals (Seder & Almed, 2003).

Subclassification of monocytes into Classical, Transitional, and
Non-classical used CD14 and CD38 (see Table 2) instead of the more

traditional CD14 and CD16 (Picozza, Battistini, & Borsellino, 2013).
The patterns produced by CD14 and CD38 were found to classify
analogous subpopulations while improving the overall reproducibility
of the results (data not shown).

The data presented in Tables 4 and 7 summarize all the cell popu-
lation frequency results obtained from the whole blood and PBMC
studies. An inspection of these tables shows the high degree of repro-
ducibility of the system for almost all immune populations. Figures 3
and 4 summarize the inter-site variability of the whole blood and
PBMC studies. The populations are ordered from the highest percent-
age (left) to the lowest (right) in order to better appreciate the

general effect of counting error increasing the magnitude of CVs for
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FIGURE 4 Peripheral blood mononuclear cells (PBMC)
reproducibility. The top panel shows the mean and +SD percentage of
live intact cells for all 37 evaluated populations. Absent from this plot
are the granulocyte, neutrophils, basophils, eosinophils, and CD66b—
granulocytes. The bottom panel shows the associated %CVs for each
population, where the average was 17.7%. The percentages, SDs, and
%CVs were an average of Cohort 1 (Week 1) and 2 statistics [Color
figure can be viewed at wileyonlinelibrary.com]

low-frequency populations. The average %CV for all 37 populations
was 14.4% for whole blood and 17.7% for PBMC. The slight increase
in variability for the PBMC may be due in part to the extra cell manip-
ulations for this type of preparation. A high %CV was observed for
the population labeled as CD66b— neutrophils in whole blood mainly
due to its low frequency.

The upper panel insets with the £SD ranges show a high degree of
reproducibility even among many of the very low-frequency
populations. Some populations are better defined by the panel than
others, which explain some of the variability in the %CVs for
populations with similar frequencies, and additional markers may be
included to enhance identification in studies focused on low-
frequency cell populations. The PBMC portion of this study is reason-
ably comparable to the multi-site study published by Leipold
et al. (2018).

Tables 5 and 8 summarize the intra-site reproducibility of the
whole blood and PBMC studies. As expected, the average and median
intra-site %CV's are lower than the inter-site %CV's due to slight site-
to-site biases. Some of the high intra-site %CV's for both whole blood
and PBMC were due to outliers in the relatively small number of repli-
cates. There was some disparity in intra-site %CV's across all
populations among the sites in the study, which was more pro-
nounced for low-frequency cell types.

The dry nature of the reagent in this assay eliminates most
pipetting errors and reduces overall preparation time. An important

feature of this system is that additional reagents can be added to
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TABLE 8 PBMC intra-site reproducibility
Intra-site PBMC reproducibility %CV
Population Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Average Median
Lymphocytes 1.0 0.3 0.3 9.1 5.0 1.2 2.8 1.1
CD3 T cells 0.5 14 3.1 11.2 5.1 24 4.0 2.7
CD8 T cells 0.9 13 0.9 8.2 9.2 1.6 3.7 14
CD8 naive 1.0 0.7 1.6 8.0 9.0 2.6 3.8 21
CD8 central memory 10.0 4.6 135 25.8 134 18.3 14.3 134
CD8 effector memory 3.2 4.8 5.0 11.4 5.0 2.8 54 4.9
CD8 terminal effector 5.4 1.7 5.6 13.7 19.2 24 8.0 55
CDAT cells 0.5 1.9 5.0 10.6 10.3 2.0 5.1 35
CD4 naive 1.0 15 54 11.2 8.6 2.0 5.0 3.7
CD4 central memory 4.7 1.6 8.0 16.8 20.6 3.9 9.3 6.4
CD4 effector memory 3.2 3.9 4.4 9.6 14.8 4.1 6.7 4.3
CD4 terminal effector 1.2 5.7 53 9.6 5.1 21 4.8 52
v8 T cells 2.0 1.2 0.9 14.6 9.9 25 5.2 2.3
MAIT/NKT cells 2.1 2.3 3.1 32.8 11.3 20.9 121 7.2
B cells 4.3 29 6.4 13.2 57 0.6 5.5 5.0
B naive 4.7 3.1 74 13.3 5.6 1.2 59 5.1
B memory 2.8 3.9 4.2 18.0 13.6 3.0 7.6 4.1
Plasmablasts 3.7 12.4 13.2 27.0 13.2 57 125 12.8
NK cells 23 40 10.1 144 29.0 33 10.5 7.0
NK early 0.9 4.6 9.4 14.8 30.4 3.8 10.7 7.0
NK late 3.0 3.8 10.4 14.3 284 3.1 10.5 7.1
Monocytes 1.6 4.4 1.2 11.0 85 25 4.9 35
Monocytes classical 1.8 5.0 11 12.9 12.6 2.6 6.0 3.8
Monocytes transitional 2.6 4.5 4.1 12.0 6.8 1.8 5.3 4.3
Monocytes non-classical 3.8 1.2 4.3 65.3 15.6 2.6 15.5 4.0
DCs 4.3 10.9 10.3 61.5 9.5 7.2 17.3 9.9
pDCs 0.2 52 5.6 60.7 131 4.7 14.9 54
mDCs 54 14.3 13.1 61.9 9.4 8.7 18.8 11.3
Tregs 2.7 3.3 8.0 13.5 58.6 4.9 15.2 6.5
Th1-like 53 5.6 12.1 24.8 66.7 18.6 222 153
Th2-like 24 4.5 3.9 8.2 73.8 10.6 17.2 6.4
Th17-like 1.9 2.8 20.4 8.1 146.3 33.8 35.6 14.3
Mean 2.8 4.0 6.5 20.2 21.7 5.9 10.2 6.2
Median 25 3.8 54 134 11.9 29 6.7 4.6

The 37 tested populations appear in the first column, and the %CVs of the four replicate PBMC samples are summarized for each site. The means and
medians of the %CVs for all populations and sites appear on the outside rows and columns.

evaluate new populations because there are numerous open heavy
metal channels. The Maxpar Pathsetter software is also designed for
users to easily amend the models to take advantage of new markers
and cell types.

The performance of the analysis system was designed to do a full
and automated analysis in less than 5 min. The Cen-se’ mapping sys-
tem is a high-resolution and highly parallelized variant of the t-SNE
algorithm (van der Maaten, 2009, 2014; van der Maaten & Hinton,

2008) that can create maps of hundreds of thousands of events in
1 min or less.

The dry nature of the reagent coupled with automated data analy-
sis is not only convenient but also provides a high degree of reproduc-
ibility within and among multiple test sites, whether they are
analyzing whole blood or PBMC samples. This new mass cytometry
assay provides a comprehensive yet practical solution for deep

immune phenotyping.
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