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Flow cytometry is a widely applied approach for exploratoryimmune pro ling and

biomarker discovery in cancer and other diseases. Howeverpow cytometry is limited

by the number of parameters that can be simultaneously anahed, severely restricting
its utility. Recently, the advent of mass cytometry (CyTORps enabled high dimensional
and unbiased examination of the immune system, allowing sinitaneous interrogation
of a large number of parameters. This is important for deep tarrogation of immune
responses and particularly when sample sizes are limited {sh as in tumors). Our goal
was to compare the accuracy and reproducibility of CyTOF agast ow cytometry as a

reliable analytic tool for human PBMC and tumor tissues forancer clinical trials. We
developed a 40C parameter CyTOF panel and demonstrate that compared to ow
cytometry, CyTOF yields analogous quanti cation of cellrieages in conjunction with
markers of cell differentiation, function, activation, ahexhaustion for use with fresh and
viably frozen PBMC or tumor tissues. Further, we provide a ptocol that enables reliable
guanti cation by CyTOF down to low numbers of input human cdk, an approach that
is particularly important when cell numbers are limiting.hus, we validate CyTOF as an
accurate approach to perform high dimensional analysis indman tumor tissue and to
utilize low cell numbers for subsequent immunologic studi&eand cancer clinical trials.

Keywords: CyTOF, ow cytometry, cancer clinical trials, immun e studies, immunotherapy

INTRODUCTION

To discover immune correlates and biomarkers of diseaseimeg|global pro ling of the immune

system, the proteins di erentially regulated by therapy anaviibese relate to disease outcome.

Highly focused exploration may provide hypothesis-driverghs, but often the paradigm-altering
discoveries come from unbiased global immune pro ling. Floyjtometry (FC) has emerged as
a key tool to pro le multiple parameters of the immune systenxluding vital functional and
exhaustion markers associated with the quality of the immuasponseX). However, FC is limited
by the number of parameters that can be analyzed at one times(gty 12 per staining panel).
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This means that stains must be broken up into groups withfunctional, activation, exhaustion, di erentiation, chetaxis,
redundancy of many of the cell lineage markers in di erentimmunomodulatory, and senescence markéiahe 1). Overall,
stains. As a result, FC requires large sample sizes for ceveragir results demonstrate that CyTOF faithfully recapitutafeC

of diverse immune subsets. This is particularly detrimerfital data in PBMC and tumor tissues, providing reliable stainirig o
tumor biopsies where sample sizes are often limiting and the 35 parameters for high dimensional analyses for analysis of
broad array of FC staining panels often cannot be performecdancer clinical trials.

Further, when only a few markers can be analyzed in a single

sample, researchers must design panels using a priori k”OW'edR/IATERIALS AND METHODS

of marker expression patterns to characterize cells of istere

If unusual marker expression patterns are encountered, as BBMC and Tumor Tissue Collection

often the case in disease states, follow-up studies thaiireeq All human tissues and blood were obtained through protocols
time-consuming design and optimization of new panels must bepproved by the institutional review board. Written informed
performed, assuming more patient sample is available. consent was obtained from all donors. Peripheral blood sasnple

Recently, the use of high-dimensional time-of- ight masswere collected from 11 healthy donors into sterile antiadagt-
cytometry (CyTOF) to identify 40 parameters simultaneously coated tubes from the Healthy Donor Blood Collection Study
has emerged as a technique for broad-scale immune pro lingt the Princess Margret Cancer Center (IRB#11-0343). Five
and biomarker discoveryl{7). Because CyTOF allows far more surgically resected tumor specimens; 2 ovarian (IRB#10)0335
markers to be measured in a single tube, fewer cells areregtjui 2 melanoma (IRB#05-0495), and 1 breast tumor (IRB#06-0801)
per experiment than would be needed for traditional FC, whichwere obtained from the UHN Biospecimen Program.
would require multiple tubes (with di erent antibody panels)
to cover the same number of markers. By incorporating &sSample Processing
large number of parameters into single stains, CyTOF enablé%eripheral blood mononuclear cells (PBMCs) were isolated by
acquisition of large amounts of immunologic data from lieit  Ficoll-paque density gradient centrifugation from the hbglt
sample sizes to better understand biologic systems, responsedonor's blood. After isolation, cells were directly stainfet
therapy @) and signatures of diseasdeG-7, 9-14). Examples ow and mass cytometry. Excess cells were aliquoted ih 10
include characterization of intra- and inter-tumor leukém cells per vial in freezing media (10% DMSO in heat-inactivated
heterogeneity that correlates with clinical outconiéy(as FBS) and cryopreserved in liquid nitrogen. Tissue samples wer
well as dissections of T and NK cell subtypes with highminced into 2-4 mni fragments and digested enzymatically
resolution (L6-19), antiviral T cell responsess( 7, 18 20), into single cell suspensions with the gentleMACS Dissociator
and immune cell signatures linked to recovery from surgeryMiltenyi Biotech, catalog #130-093-235) and the human tumo
(21). Thus, CyTOF has enormous potential to discover diseas#issociation kit (Miltenyi Biotech, catalog #130-095-928)
associated immunologic changes in cancer, identify fometi  obtain single cell preparations. Cells were then aliquoted and
changes to guide subsequent therapy and ultimately predictyopreserved in liquid nitrogen.
therapeutic outcomes.

Both FC and CyTOF utilize antibodies to label targets orlCYTOF and Flow Cytometry Antibodies
cells. For FC these antibodies are labeled with uorophore¥he same antibody clones were used for CyTOF and FC. The
that are excited by lasers to emit light subsequently dedelaye  vendor from which each antibody was purchased is listed in
the ow cytometer. Due to the range of wavelengths of thes&ables 1 2. For CyTOF, puri ed unconjugated antibodies used
light emissions, there is overlap in their emission spech@tt were Biolegend MaxPar Ready antibodies or custom-made with
must be mathematically compensated, thus limiting the numbeno additional protein carrier from Biolegend or Thermo Fishe
of uorophores that can be used simultaneously. CyTOF use€yTOF antibodies were labeled with metal-tag at the Sic&Kid
antibodies conjugated to rare heavy metal isotopes that atdHN Flow and Mass Cytometry Facility using the MaxPar
not normally present in biological specimens. As opposed téntibody Labeling kit from Fluidigm (catalog #201300).
uorescence, CyTOF uses an atomic mass cytometer to detect
the time-of- ight (TOF) of each metal. Each atom's TOF is Staining Procedure
determined by its mass, allowing the composition of metalAfter PBMCs isolation, cells were counted and viability swead
atoms on each cell to be ascertained. Detection overlap amoiy trypan blue exclusion. One million viable cells were aligdo
heavy metal isotopes is generally limited €<@% @2) rather into 4 ml polystyrene V-bottom tubes for CyTOF staining. For
than the 5-100% spectral overlap seen in conventional FC, af€C staining, 1 million viable cells per well were added to 8
backgrounds are very low because cells do not naturallyasont wells of into 96-well plate for the FC panels shownTable 2
heavy metals. Thus, the detection of low-expression marikers CyTOF and FC staining were performed simultaneously. Single
greatly enhanced even on cell populations such as myelosl cetlells suspensions from tumor tissues were handled analogously
with high auto- uorescence. same way after thawing.

The goal of this study is to validate CyTOF against For FC staining, cells were incubated in Fc blocker
FC for use in immune proling for clinical trials. Panels (ThermoFisher, catalog #16-9161-73) for 10min at room
were designed to include major (and most minor) immunetemperature, followed by incubation in the surface markers
lineage de ning markers in combination with a wide array of antibody cocktail for 30 min at 4. Cells were then xed with
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TABLE 1 | CyTOF Panel.

TABLE 2 | Flow Cytometry Panels.

Mass Speci city Ab Clone Replicates Company

and Tag (PBMC)

89Y CD45 HI30 10 Fluidigm
141Pr CD45RA HI100 7 Biolegend
142Nd HLA-DR L243 8 Biolegend
143Nd CD57 HCD57 8 Biolegend
144Nd CD33 WM53 8 Biolegend
145Nd CD183 (CXCR3) G025H7 8 Biolegend
146Nd CD8a RPA-T8 11 Biolegend
147Sm CD4 RPA-T4 11 Biolegend
149Sm Perforin B-D48 Biolegend
149Sm FoxP3 236A-E7 ThermoFisher
150Nd CD103 B-Ly7 9 ThermoFisher
150Nd Thet 4B10 7 Biolegend
151Eu CD39 Al 10 Biolegend
152Sm CD11c Bul5 8 Biolegend
153Eu CD3 UCHT1 11 Biolegend
154Sm IgM MHM-88 11 Biolegend
155Gd CD45RO UCHL1 7 Biolegend
156Gd CD14 M5E2 8 Biolegend
158Gd CD27 0323 11 Biolegend
159Tb CD19 HIB19 11 Biolegend
160Gd CD25 M-A251 9 Biolegend
161Sy Ki67 Ki67 8 Biolegend
162Dy CD28 CD28.2 11 Biolegend
163Dy CD137 (41BB) 4B4-1 Biolegend
164Dy CD34 581 Biolegend
165Ho CD279 (PD1) EH12.2H7 Biolegend
166Er Tim3 F38-2E2 7 Biolegend
167Er CD95 (Fas) DX2 11 Biolegend
9168Er CD185 (CXCRS5) MUSUBEE 8 ThermoFisher
169Tm TCRyd 5A6-E9 11 ThermoFisher
170Er CD152 (CTLA4) 14D3 7 ThermoFisher
171Yb GranzymeB GB11 Biolegend
171Yb Helios 22F6 Biolegend
172Yb CD127 (IL-7Ra) EBioRDR5 11 ThermoFisher
173Yb CD56 HCD56 Biolegend
174Yb TIGIT MBSA43 11 ThermoFisher
175Lu CD274 (PDL1) 29E.2A3 Biolegend
176Yb CD223 (Lag3) 7H2C65 Biolegend
191Ir DNAL (Cell ID) Fluidigm

193Ir DNA2 (Cell ID) Fluidigm
196Pt Cisplatin (Viability) BioVision
209Bi CD16 3G8 6 Fluidigm

Antibodies used and their metal conjugation are shown in the table. Rephtes indicates
the number of different healthy PBMC donors that were used for the valid@n in

Figures 1, 2. Company indicates where each antibody was purchased.

Fluorochrome

Speci city

Company

FLOW CYTOMETRY PANEL 1

4% paraformaldehyde (PFA). For intracellular staining, scellgyags
were xed and permeabilized by incubation with eBioscienceggs
Foxp3/Transcription Factor Staining Bu er Set (catalog #5523,

for 30min at 4C, followed by incubation with intracellular
antibody cocktail. Cells were washed by centrifugation &2 4

BUV395 CD3
BV605 CD4
FITC TCRgd
PerCP CD8
PE-Cy7 TIGIT
APC-Cy7 CD56
eFluor506 Viability
FLOW CYTOMETRY PANEL 2
FITC CD16
PE CD14
PE-Cy7 cD11C
APC PDL1
AlexaFluor CD33
700
Bv421 CD45RO
BV605 CD45
BV650 CD45RA
BV711 HLA-DR
eFluor506 Viability
FLOW CYTOMETRY PANEL 3
BUV395 CD3
BVv421 CD127
BV605 CD4
AlexaFluor700 CD8
PerCP-eF710 CD39
PE-CF594 CD95 (Fas)
eFluor506 Viability
FLOW CYTOMETRY PANEL 4
BUV395 CD3
PE CD103
PE-Cy7 CD28
APC CXCR5
PerCP CD8
AlexaFluor700 CD4
BV605 CXCR3
EFluor506 Viability
FLOW CYTOMETRY PANEL 5
BUV395 CD3
BV605 CD4
PE CD57
PerCP CD8
APC-Cy7 CcD27
BV421 IgM
AlexaFluor400 CD34
AlexaFluor700 CD19
eFluor506 Viability
FLOW CYTOMETRY PANEL 6

CD3

CD4

FoxP3

BD Bioscience
BD Bioscience
ThermoFisher
Biolegend

ThermoFisher
Biolegend

ThermoFisher

Biolegend
Biolegend
Biolegend
Biolegend
ThermoFisher

Biolegend
Biolegend
Biolegend
Biolegend
ThermoFisher

BD Bioscience
ThermoFisher
BD Bioscience
ThermoFisher
ThermoFisher
BD Bioscience
ThermoFisher

Biolegend
ThermoFisher
ThermoFisher
ThermoFisher
Biolegend
ThermoFisher
Biolegend
ThermoFisher

BD Bioscience
BD Bioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
ThermoFisher
ThermoFisher

BD Bioscience
BD Bioscience
ThermoFisher

(Continued)
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TABLE 2 | Continued For CyTOF data acquisition, cells were pelleted in Milli-
Q water on the day of acquisition and transferred on ice to

Fluorochrome Speci city Company SickKids-UHN Flow and Mass cytometry Facility to be acquired
PerCP cDs Biolegend on third-generation Helios mass cytometer (Fluidigm). Gell
APC cD25 Biolegend were then resuspended into 1ml of EQ beads diluted 1:10
APC-eE780 Helios ThermoFisher in Maxpar Cell Acquisition Solution and Itered through cell
BVA21 Thet Biolegend strainer cap tubes. Cells were acquired at rate of 100-250ve
oFILOr506 Viability ThermoFisher per second. Acquired raw FCS les were normalized with the
P preloaded normalizer algorithm on CyTOF software version 6.7.
BUV395 D3 BD Bioscience Normalized CyTOF FCS les were analyzed using Cytobank 6.2
BVE0S cDa BD Bioscience (Cytobank, Inc) to manually gate di erent populations and deea
FiTC berforin Bioleqend 2 dimensions and high dimensional plots. Parameters used for
PE GranzvmeR Themio':isher making the viSNE plots are CD3, CD4, CD8, CD25, Foxp3,
Y ) CD19, CD56,CD16,HLA-DR, CD11c, CD33, CD14. Populations

PerCP CD8 Biolegend . . .

o ) were then de ned based on known lineage combinations ofeéhes
eFluor506 Viability ThermoFisher . . . .
oW YT ONIETRY PANELS proteins. ViISNE analyses were performed using equal sampling

o per comparison, perplexit 30, theteD 0.5, iteration® 1,000—

BUV395 cb3 BD Bioscience 5,000 Figure 1ViSNE: event sampling 49,998 cells per sample,
Bvazl Tim3 Biolegend 5,000 iterations, nal KL divergence: 2.44gure 4ViSNE: event
BVE0S PD1 Biolegend samplingD 30,664 cells per sample, 2,000 iterations, nal KL
BV7iL Ki7 Biolegend divergence: 2.5Figure 5 ViSNE: event samplin® 6,910 cells
PE CD137 ThermoFisher

_ per sample, 1,000 iterations, nal KL divergence: 1.26.
perCp cos ;"’l'ege”: For both FC and CyTOF, 1 million cells were stained and an
oregen average of 100,000 cells were acquired. Populations wezd gat

AlexaFluor700 cD4 ThermoFish : ) ; _

exarior _ Trmo d's e based on their expression of linage de ning markers (e.g.3CD
PE-Cy7 Lag3 Biolegend for T cells, CD19 for B cells) For manual gating on biaxial gjot
EFluor660 CTLA4 ThermoFisher the positive population of each marker (e.g., @D3zmBC) was
eFluor506 Viability ThermoFisher

de ned as the events above the negative population (e.g., CD3-

Eight different panels were used to span the antibodies needed for the singieyToF 0N the same plot for both CyTOF and FC.

panel. Each panel indicates the antibodies and their uorescent conjugath. Raw ow cytometry and CyTOF data les from

all experiments described herein are publicly available

g for 3min in phosphate bu er saline (PBS) to be ready forat WWW. Owrepository.org; http:// owrepository.org/id/

FC acquisition. RvFrkC3p2UldoMbc7kQpgboaz6UYvg4alJi8JFKywZUnNbhUL
For CyTOF staining, cells were Fc blocked as for FC staining;hcOoSLOeDJIVtwf.

followed by incubation with surface marker staining cocdkta

for 30min at 4C. For viability staining, cells were washedStatistics

with PBS and incubated for Smin in room temperature in The equivalency between CyTOF and FC were compared using
200 m of 1mM cisplatin solution (BioVision, catalog #1550- 5 pajred TOST equivalence test. The paired TOST equivalence
1000). Cisplatin was quenched by adding 2ml of 5% serumgst reverses the null and alternative hypothesis to place the
containing PBS. Cells were xed and permeabilized immediate prden of proof on showing that two variables measured for
in eBioscience Foxp3/Transcription Factor Staining Bu er,Setihe same subject are signi cantly equivaledtd R package
followed by incubation in the intracellular markers antibod “equivalence” (version 0.7.2) was used to perform the eqeiial
cocktail for 30 min at 4C. EQ Four Element Calibration Beads gt ©4). We used an epsilon value of 5, indicating that a
(Fluidigm) were used to normalize signal intensity over éim g erence in proportion smaller than 5% is deemed equivalent.
For iridium labeling of cellular DNA, cells were suspended inp.yajue 0.05 was considered statistically equivalent. GraphPad

1 ml of 100 nM of iridium (Fluidigm, Catalog #201192B) in PBSpyism 6 software (GraphPad Software, Inc.) was used to perform
containing 0.3% saponin and 1.6% formaldehyde for Lh @4 pearson's correlation test.

Cells were then washed and kept in PBS with 1.6% formaldehyde
in 4 C for 1 to 4 days before acquisition.
RESULTS
Data Acquisition and Analysis .
Cells stain(ld for FC were acqui)r/ed on the day of or the da Or_npa”_son of CyTOF vs. FlOW_ Cytometry
after staining using a 5-laser LSR Fortessa X-20 (BD) atltve F Staining in Freshly Isolated Peripheral
Cytometry Core Facility at Princess Margaret Cancer CenteBlood Mononuclear Cells
Single stain controls for each uorochrome were prepared gsin To appropriately compare staining patterns and expression

UltraComp eBead Compensation Beads (ThermoFisher, cataled proteins of interest for cancer immunotherapy trials, we
#01-2222-42). Data were analyzed using FlowJo V10. developed a 4D parameter CyTOF panel that could identify
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FIGURE 1 | Live/Dead cell gating and population clustering(A) For CyTOF (top plots), cells were rst identi ed based on DNA stining, singlet were selected based
on event length and viability based on cisplatin exclusiorzor FC (bottom plots) cells were identi ed based on forward satter (FSC) vs. side scatter (SSC), singlets
selected based on FSC-area vs. height and SSC-area vs. heighand viability based on dye exclusion(B) Immune cell populations from 4 different PBMC donors
stained by CyTOF were plotted on bivariate ViSNE plots. Maicell populations were manually gated based on lineage markexpression and then the manual gates
were used as the overlaid (colored) dimension. The main celbpulations are shown by the indicated color pro le.

all major (and most minor) cell lineage de ning markers, in two iridium isotopes (191Ilr and 193Ir) is used to detect
combination with transcription factors, activation/exhgtion, cells by the CyTOF instrumentF{gure 1A). These reagents
di erentiation, and cytolytic factorsTables 1 2). These markers additionally can be used for comparison with event length to
were chosen to broadly pro le the di erentiation and functiah  distinguish single cells, doublets and other non-cellulatipkes
state of many cell types simultaneously instead of solelysfogu (Figure 1A). Fluorescent reagents that are preferentially taken
on a single cell type (such as CD8T cells or macrophages) ap by dead cells are used to distinguish live from dead cells
is often the case. For comparison of CyTOF to FC, the samey FC (igure 1A). Similarly, short treatment of cells with
antibody clones were used. Titrations were separately peddr the platinum-based reagent cisplatin is used in CyTOF to
for CyTOF and ow cytometry antibodies to obtain the optimal distinguish live from dead cell2f) (Figure 1A). For CyTOF,
concentration for use. In general, similar concentratiomsre metal-containing beads (EQ Calibration beads from Fluidig
optimal for both assays. are added to each sample to normalize signal variation (i.e.,
Comparisons were rst performed using peripheral bloodintensity of signal detected in each metal isotope “channel”
mononuclear cells (PBMC) isolated from healthy individualsresulting from instrument variability over time within ehc
The PBMC were obtained, isolated and stained by owacquisition and between dierent samples acquired on the
cytometry or CyTOF on the same day. Standard FC utilizesame day. In CyTOF, crosstalk between di erent mass channels
the forward light scatter (cell size) and side light scatteccan occur mainly due to potential isotopic impurities in the
(cells internal complexity/ granularity) to identify intacells channels that detect other isotopes of the same element.
and from debris Figure 1A). These same parameters are notAlso, in cases of extremely high signal intensity, spillover
feasible using mass cytometry, so a DNA-intercalator doitg  mainly in the mass (M)C1 and M-1 channels can occur
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as the instrument detectors becomes unable to separate iGABLE 3| Comparison of MFI and MMI from healthy PBMC donors.
peaks of adjacent channels. Another source of spillover in

. . i Populati Fold ch Fold ch
the MC16 channel occurs due to variable oxide formation opuiation ?\AFf;ngSeE MOMlz/angeE
(13. At the beginning of each analysis, any spillover was
determined for each @1, 1 andC16 channel and if observed, LaG3 CDXC T-cells 543 117 585 125
that channel was not used for subsequent analysis in thepo7 CD3C T-cells 72.3 148 87.2 122
stain. Note, spillover was not observed in the experimentspzg CcD3C T-cells 63.7 125 632 83
using this panel. Dimensionality reduction of the CyTOF datacpys CD3C T-cells 2676 6.4 168 73.4
onto t-distributed stochastic neighbor embedding (&-SNE) 4.1g8 (cD137) DT Tocells 209 38 1678 482
based visualization (VISNE) maps were used to simultangoustcrgg CD3C T-cells 388 3.6 4896 97.6
resolve the many distinct immune populationBigure 1B) in  ¢ps7 CD3C T-cells 167 527 1771 365
combination with the numerous phenotypic/functional marker ~p;93 CD3C T-cells 186.8 325 1481 434
included in the panel, something less feasible by FC due tgg, CD3C T-cells 863 70.2 389 132
the restrictions in parameters that can be easily includeé in , ; CD3C Tecells 03 28 338 64
given stain. o o _ CTLA4 CDC T-cells 109 26 188 56
To compare the staining of individual proteins by FC ., .- CD3C Tcells 77 10 563 123
and CyTOF, we directly measured their expression using,. . oD Tcells 550 44 27 54
bivariate dot.plots. 'As showr! |rF|ggrg2, the frgquency of TIV3 CDAC Tcells 103 1s 1679 28.9
cells expressing a given protein statistically equivaletwden D39 CDaC Tcells 357 119 206 73
CyTOF and FC. We determined statistical equivalence bygusir_ o o
. . OXP3 CDZ T-cells 6.2 0.7 410 133
the TOST equivalence test, which returps values below
.. . . Granzyme B CDXC T-cells 529 93 455 6.2
the signi cance threshold if the two proportions are deemed X
. . L . Perforin CDXC T-cells 6.2 0.9 216 9.2
equivalent. This similarity was true whether the protein of
) . s CDXC T-cells 925 334 722 162
interest was expressed on the cell surface or |ntracellular1y
: : - " “bet CD3C T-cells 48 05 6.7 1.4
(Figure 2 and Figure SJ. Further, a similar staining frequency ) b Tool 3 17 03 427
of positive staining cells was observed whether the marker wa®'°® eels o ' :
expressed at high (e.g., CD28, CD127) or low (e.g., CD25B3-1B“*CR® CDX Tcells sr2 113 720191
levels Figure 2 and Figure SJ. Visually, a few bivariate plots *°R3 CDX T-cells 17 12 935 251
do not show the exact same staining pattern/intensity betwee”P-! CD4sC 835 322 1234 247
CyTOF and FC, even though frequencies are equivalent (e.§24%RA CD4xC 46.9 172 800 2317
Helios, T-bet). CD45RO CD4sC 56.6 13.3 543 116
We next measured the change in staining intensity of eaclf™ B-cells 1313 149 199.8 408

marker by ow CytomEtry and CyTOF comparing the mean The Mean Fluorescence Intensity (MFI; ow cytometry) and the Mean Metal Intsity (MMI;
uorescence intensity (MFI) and the mean metal intensitycyToF) were calculated for each stain. This was done by gating on the positivena

(MM|), respectively, of each protein. This was done by gating oﬁegative pgpulatiphsforeach stain and then calculatir?g'the_fold change of pd_isie staining
the negative and pOSitiVG staining populations for each Sampf)%ver negative staining. The fold changesh(_)wst_hestalnlng |n_ter.15|ty0.feadmt|bodyu.sed,

K X . X and that uorescent and metal-tagged antibodies perform similarly in mostases, if not
using the same logarithmic scale (same high and low end) fQjetter by some CyTOF antibodies.
FC and CyTOF data, and then calculating the fold change. This
approach was used instead of simply stating the MFI/MMI of
the positive population to account for di erences in the non- .
speci ¢ antibody binding, the background (auto uorescerme COmMparison of CyTOF and Flow Cytometry
metal content) or due to inherent di erences in the “brighss  in Frozen PBMC
of a given uorochrome or metal tag. The fold change ofFreezing of cells can lead to changes in protein detectgbilit
a given protein was either the same between CyTOF anlkdowever these are generally due to cleaving or loss of surface
FC, or was higher by CyTOFT&ble 3. It should be noted expression as opposed to changes in the technical aspects of the
however that CyTOF background medians are often zero oassayZ6-28). As aresult, we next compared whether CyTOF and
close to zero, thereby increasing the fold change valuethéor FC were similarly e ective using previously frozen PBMC. Note,
CyTOF data. Thus, for the staining of human PBMC for cellthe goal of this comparison is not to determine if freezing elf<
lineage, activation, exhaustion, di erentiation, and ftional  disrupts certain markers, but instead to determine whethner t
proteins of interest for immune monitoring and discovery two cytometric techniques perform equivalently on previgusl
in cancer immunotherapy trials, CyTOF data provides thefrozen cells. Viably frozen PBMC from healthy donors were
same quality of staining as ow cytometry. Further, the #bil thawed and stained for FC and CyTOF. For these analyses,
to combine all the markers into one stain using CyTOFPBMC had been frozen for at least 1 month prior to thawing
provides the opportunity to simultaneously measure changeand staining. Analogous to fresh PBMC, the percentage of
across the immune system and to identify changes withoypositive cell staining for each marker was similar by CyTOF
preconceived bias of what proteins a cell “should” or “shouldand FC, despite the inter-individual variability for each mer
not” express. (Figure 3). Further, similar to fresh PBMC, the staining intensity
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FIGURE 2 | Comparison of CyTOF and ow cytometry staining of freshly islated human PBMC. Gates in each plot show the frequency of thndicated stained
protein by CyTOF (left plots) or FC (right plots) f¢A) cell lineage de ning; (B) transcription; (C) cytolytic activity; (D) activation/exhaustion; and(E) activation/cellular
differentiation. Graphs display donor sample paired expssion of the frequency staining positive for the indicated pptein by CyTOF (Cy) and FC (Fl). The number of
donors for each stain is indicated inTable 1. Signi cance was determined by the TOST test for equivalencep  0.05 was considered statistically equivalent.
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(i.e., the fold change in MFI and MMI) was similar or better TABLE 4 | Statistical correlation between some CyTOF and Flow poputins.
using CyTOF (not shown). Thus, CyTOF is a robust approach to

quantify cellular presence, phenotype and function in previpus Sample type Pearson correlation
frozen PBMC. r p
Titration of PBMC Required for CD45ROC Frozen PBMC 0.92 0.02
CyTOF AnaIySIS CD45C Biopsy 0.99 0.000
A critical issue limiting studies with small numbers of selg ~ CP3C TI6IT Biopsy 0.97 0.006
the increased cell loss with staining procedures, the pafai ~ ©P3C CTHALC Biopsy 0.97 0.005
CD3C CD28C Biopsy 0.98 0.002

increased “background” staining and for CyTOF in particutae
higher cell loss during acquisition. To overcome this iSSM€  pearson correlation coef cient was calculated for populations that did noteach statistical
developed a strategy in which serially diluted numbers of Bam signi cance using the TOST test for equivalence to indicate how closely dir values
PBMC were mixed with mouse splenocytes at a ratio such thafe corelated.

the nal number was always a million cells. Mouse splenocytes

were used because they can be reliably distinguished framahu ) ) S .
hematopoietic cells based on expression of non-cross reactiv Direct evaluation of CyTOF and FC staining in the di erent
clones of anti-mouse CD45 and anti-human CD45 antibodie$Umor types demonstrated similar proportions of immune
(Figure 4A). We performed two-fold dilutions of human PBMC Cells in the tumor based on CD45 expression. Within the
resulting in human cells comprising 100% (1 million PBMC),/mmune cell populations, staining for |nQ|V|dL_JaI cell subsets
50%, 25% or 12.5% (125,000 PBMC) of the total cells in thiaS comparable between the two techniquegyre 5B and

mix. These dilutions were subsequently stained for CyTOIEigure S3. Importantly, comparably to ow cytometry, CyTOF
analysis using the panel ifable 1 and acquired. Comparison identi ed expression of numerous activation, di erentiatioand

of the anti-mouse and anti-human CD45 antibody expressiorfunctional proteins on tumor in Itrating cells Kigure 5B and -
demonstrated the expected ratios of human PBMC based dil9ure S3, and did so in a single stain as opposed to FC which
the starting dilution and this was observed even at the lowededuired many separate panels with duplicate lineage markers
dilution containing only 125,000 human PBMGFigure 44). (O attain this same level of staininggbles 1 2). Further, like
Further, titration down to 125,000 human PBMC did not alter PBMC, the fold change in MFI and MMI were similar or elevated
their proportions or lead to loss of the smaller populationsWith the CyTOF stain in the tumors (not shown). o
(Figure 4B). Of course, biologic restrictions still apply and at Our results show that the two technologies provide highly
diminishing numbers of cells, small populations will increagy equivalent values across markers and populations in fresh and

fall below detection due to their loss in the population, simtm ~ frozen PBMC, and tumor biopsies. Values of few populations
FC. Thus, by adjusting the cell numbers to maintain 1 million(CP45RQC in Frozen PBMC, and CD45, CDXTIGITC,

cells per stain, reliable CyTOF data can be obtained from dsP3CCTLA4C, and CDXCD28C in tumor biopsies) did not

few as 125,000 human PBMC. This technique will be he|prgive rise to statistically equivalent resglts using eqgeived test.
in situations where cell numbers are limiting due to biologicHowever, the values of these populations from CyTOF and FC

restrictions (e.g., tumor biopsies) or multiple analyses asirgéd  Showed highly signi cant correlation using Pearson cortiela

from a limited number of cells. test as shown imable 4 (r ranges from 0.92 to 0.99,< 0.05).
We believe that the statistical inequivalence we obsertiedse
Validating CyTOF in Tumor Tissues populations is not due to di erences in the two technologies.

Many studies have used CyTOF to interrogate tumor tissuess, ylnstead, the sample size D 5) for both the frozen and biopsies

a direct comparison of its validity compared to FC in humanspecimens did not allow the values of these populations to
tumor samples is lacking. To validate CyTOF vs. FC in humafieéach the level of statistical signi cance using the TOST tes
tumor tissues, we used single cell suspensions of previoudBr equivalence, although they correlated with high sigaince
viably frozen tumors. For our analysis, we chose to compaee vusing the Pearson test and the fresh sampite® (11) showed
tumors made up of 3 types: 2 melanoma, 2 ovarian and 1 breaBtghly signi cant values for all populations.

tumor. Initial viSNE analysis showed various amounts oéint

patient variability, but in all cases majorimmune cell popwas D|SCUSSION

were resolved, including T cells, Tregs, macrophages and

MDSC (Figure 5A). Further, within these various populations, The ability of CyTOF to combine many parameters into a single
phenotypic, functional, and activation/exhaustion protewgh  panel allows an unbiased and e cient approach for discovery
broad or restricted distribution could be identi ed, inalling  of novel disease-associated cell populations or biomarkers fr
high expression of PD1 in tumor in ltrating CD4 T cells and limited tumor samples Z9). Yet, the comparability of CyTOF
Tregs, with less PD1 expression observed in CD8T cells, high the more standard use of FC of these tumor studies has not
level, and broad CD95 (Fas) and CD39 expression across mabgen stringently validated. Herein, we demonstrate that gisin
populations of tumor-in ltrating cells (although the lattewas our 40C parameter panel on PBMC and tumor tissue samples,
largely absent from CD8T cells), and restricted expression cCyTOF is at least as e ective, if not more so, than FC for
granzyme B, primarily by CD8 T cellEigure 5A). the identi cation of diverse cell subsets and their subseque
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FIGURE 3 | Comparison of CyTOF and ow cytometry staining of viably froen human PBMC. Analysis was performed as ifrigure 2, except using PBMC that had
been previously viably frozen. Each graph represents the dor paired frequency of cells staining positive for the indated marked by CyTOF and FC. Data represent
previously frozen PBMC samples from 5 healthy donors. Sigeance was determined by the TOST test for equivalencep  0.05 was considered statistically
equivalent.

phenotyping. To validate the use of CyTOF we developeda 40panels with signi cant overlap to achieve this goal. This\atd
parameter panel analyzing diverse cell lineages in combimati detailed high-dimensional analyses to be performed andgelar
with a comprehensive panel of di erentiation, transcription, number of immune cell populations to be plotted on bivariate
chemotactic, activation, exhaustion, senescence andifumat ViSNE plots for subsequent interrogation. This approach is
factors, chosen for their observed and potential relevance f bene cial for immune monitoring, mechanistic understandi
monitoring and discovery in cancer clinical trials. BothT@)F and biomarker discovery because it provides an unbiased and
and FC had comparable e cacy to identify proportions of broad analysis of the immune system with combinations of
cell subsets in human PBMC and tumors, including multiplemarkers that do not rely on a priori decisions of cell attributes
subsets critical to cancer control and the immunotherapeuti  Currently, most of the isotopic metals commercially
response; e.g., T cells, Tregs, dendritic cells, macrophageds available for conjugation with antibodies are from the
MDSCs. These techniques were equally e cient whether thdéanthanides series. A panel of 40 antibodies can be used
PBMC were fresh or previously viably frozen. On these supsetsimultaneously without technical di culties; alongside NA
proteins associated with cell function and di erentiationatt  parameters to identify cells, and viability dye to distinguish
were stained with the same or better delity by CyTOF comparedive from dead cells. Research is underway in the polymer
to ow cytometry. Since small numbers of cells are often ofd chemistry eld to develop use of metals from outside the
from tumor tissues, itis important to note that reliable datauld  lanthanides series, to increase the number of parameters
be observed by CyTOF using as few as 125,000 PBMC whessearchers can use per panel. The cost of metal tagged-
they were pre-mixed with carrier mouse splenocytes prior t@antibodies, antibodies conjugation kits, and the running
staining to increase overall cell numbers and minimize th&s| reagents are quite high and may be impeding the widespread
of human cells during staining procedures and washing stepsf CyTOF use. Hopefully, with increasing demands, and
In addition, non-immune cells (including non-hematopoieti advancement in reagents and instruments manufacturing
derived tumor cells) can also be identi ed based on the latk otechnology, prices will be more aordable to wide range
CD45 expression or by addition of other tumor-antigen speci cof laboratories.

antibodies. Importantly, CyTOF was able to simultaneously Designing an optimal CyTOF panel is as important as it
measure all these parameters whereas FC required multipke in ow cytometry. Although technically there is no signal
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FIGURE 4 | Titration of PBMC for CyTOF staining. Human PBMC isolateddm healthy donors were serially 2-fold diluted in mouse sptecytes at the indicated ration
to maintain a total cell count of 1 million cells per stainlA) Human and mouse cells were differentiated based on their expssion of CD45. Numbers in the plots
indicate the frequency of each population in the indicated itlition. (B) ViSNE plots of major human PBMC populations from each dilgh. The numbers under the
VISNE plots indicate the frequency of each population in thdilution and the numbers in parenthesis indicate the numbeof cell events in the subset. Data are
representative of 2 experiments using human PBMC from diffent donors.

interference between mass channels, isotopic impurities carseful in clinical trials, wherein long-term preservatiotioas
cause a small amount of contamination between dierentresearchers to collect samples over a period of time and acquire
channels. Therefore, the isotopic purity of the metal-tagsdus them simultaneously.
must be taken into consideration when assigning cellular The data analysis of CyTOF is perhaps the most challenging
biomarkers to each metal. Generally, less pure metals shoutért of the work ow. With cytometry data in general, manual
be paired with low expression biomarkers, as this keepgating is the one of the main contributor to inter-laborayor
the spillover at the background level in the channels whereariations @1). An optimally designed panel, with a well-
spillover is anticipated and reduces signal interferenamil®  matched biomarkers and metals-tags as mentioned above,
to ow cytometry, markers with low expression ideally arewill cause less trouble gating and resolving positive events.
paired with high signal-intensity metals like 165Ho or 169TmSo, e orts must be made to design an optimal panel for
for better gating and resolution of the positive population.good data quality. Some laboratories use mass minus one
Again, like ow cytometry, to reduce signal “spillover” in controls (similar to uorescence-minus one in FC) to build a
CyTOF, it is good practice to try to use of markers exclusivéierarchy of gates and set positivity threshold, but this does
to cell populations (e.g., CD3, CD19) on adjacent channelsot take into account the inherent background staining of
where “spillover” potential is highest. Antibody titration each antibody and the non-specic binding (even if isotype-
to nd the optimal dilution is also equally important, as matched control antibody is used) which leads to signi cant
lower dilutions will result in lower resolution, while high false positive signal. Further, it is impractical to prepare
dilution will increase background and “spillover” on thesemass-minus one control for 4D antibodies. However, mass-
susceptible channels. minus one controlling is ideal to investigate a potential
The photobleaching process of uorescent dyes in owspillover between channels. Fortunately, the unsupervised
cytometry makes it paramount to acquire samples withinclustering and automated populations-detection algorithms
a few hours after staining. On other hand, metal-taggedvhich accompanied the advent of CyTOF high-dimensional
samples can be run up to 2 weeks after staining withoutlata, have decreased the need for manual gafidy However,
notable loss of signal and can be cryopreserved up to fbr the purpose of this article, we test the similarity between
month without a ecting the data quality or staining integyit CyTOF and ow cytometry on a marker-by-marker basis and
of both surface and intracellular marker8d}. This is very representative examples of the gating used for each marker
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FIGURE 5 | Flow vs. CyTOF staining of tumor in Itrating leukocytes. Sile cell suspensions of previously viably frozen tumors werstained for CyTOF and FC. Five
tumors were chosen for analysis: 2 melanoma, 2 ovarian, and fireast. (A) CyTOF ViSNE plots of major immune cell populations and expssion of selected proteins
from the tumor tissues gated on CD45 positive cells. dn T cedl CD3C, but CD4 and CD8 double negative T cells(B) Gates in each plot show the frequency of the
indicated stained protein by CyTOF (left plots) or FC (rigptots). Graphs display donor sample paired expression of thfrequency staining positive for the indicated
protein by CyTOF (Cy) and FC (Fl). Signi cance was determindxy the TOST test for equivalencep  0.05 was considered statistically equivalent.
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