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e Abstract

Mass cytometry offers the advantage of allowing the simultaneous measurement of a
greater number parameters than conventional flow cytometry. However, to date, mass
cytometry has lacked a reliable alternative to the light scatter properties that are com-
monly used as a cell size metric in flow cytometry (forward scatter intensity—FSC).
Here, we report the development of two plasma membrane staining assays to evaluate
mammalian cell size in mass cytometry experiments. One is based on wheat germ
agglutinin (WGA) staining and the other on Osmium tetroxide (OsO,) staining, both
of which have preferential affinity for cell membranes. We first perform imaging and
flow cytometry experiments to establish a relationship between WGA staining intensity
and traditional measures of cell size. We then incorporate WGA staining in mass
cytometry analysis of human whole blood and show that WGA staining intensity has
reproducible patterns within and across immune cell subsets that have distinct cell
sizes. Lastly, we stain PBMCs or dissociated lung tissue with both WGA and OsO; ;
mass cytometry analysis demonstrates that the two staining intensities correlate well
with one another. We conclude that both WGA and OsO, may be used to acquire cell
size-related parameters in mass cytometry experiments, and expect these stains to be
broadly useful in expanding the range of parameters that can be measured in mass
cytometry experiments.  © 2016 International Society for Advancement of Cytometry
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INTRODUCTION

MaASS cytometry, although a very recently developed technology (1-3), has already
begun to have significant impact on molecular, cell and clinical science (4-24). It
shares many similarities with flow cytometry, in that a mass cytometer is able to per-
form high-throughput multiparametric single cell analysis. However, while flow
cytometry uses light and fluorescence-based detection of probes within intact cells
(live or fixed), mass cytometry uses metal-conjugated reagents to label cells, which
are analyzed by inductively coupled plasma (ICP), time-of-flight mass spectrometry.
By overcoming limitations of fluorescence spectra, namely excitation and emission
overlap across stains, mass cytometry allows the simultaneous measurement of a
greater number of parameters than conventional flow cytometry. Current reagents
allow the detection of over 40 lanthanide-conjugated antibodies, together with
nucleic acid intercalators and cell viability reagents.

Mass cytometry analysis necessitates the atomization and ionization of cells in
the ICP, which eliminates their physical characteristics and reduces each cell to an
ion cloud derived from its associated metal-labeled tags. While current mass cytome-
try measurements include a measure of “Event Length”, this parameter is indepen-
dent of cell size and is instead largely related to overall metal ion content, a function
of total bound tags and ion cloud size, which is largely driven by gas expansion kinet-
ics. Thus, although mass cytometry has distinct advantages over flow cytometry, to
date one drawback has been the inability to obtain a metric for cell size in mass
cytometry. In flow cytometry, two detectors are generally dedicated to measuring the
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intensity of the excitation laser light that is refracted by par-
ticles passing through the laser; light that is detected in the
same axis as the excitation laser is called forward scatter
(FSC), while light that is detected orthogonal to the laser is
called side scatter (SSC). FSC is a well-established metric that
is related to the size and refractive index of a particle and
essentially “comes for free” with any flow cytometry experi-
ment. FSC has many established uses in flow cytometry
including discrimination of cells vs. debris and identification
of cell types of varying sizes (25). Despite the ability of mass
cytometry to greatly increase single cell multiplexing relative
to flow cytometry, we lack a basic mass cytometer-compatible
assay for cell size, which is of universal use in many types of
experiments.

Here, we report the development of two such mass
cytometer-compatible assays for metrics of cell size, based on
staining with wheat germ agglutinin (WGA) or Osmium
tetroxide) (OsQ,), both of which have been previously used to
stain plasma membranes in other assays (26-30,33). We first
perform imaging and flow cytometry experiments to demon-
strate that WGA staining intensity in multiple cell types corre-
lates well with established measures of cell size. We then adapt
both WGA and OsOj, staining to mass cytometry experiments
and show that their intensities correlate with one another, and
that median WGA and OsO, staining intensities in various
immunological cell types correlate with expected differences
in cell size. We conclude that WGA and OsQO, staining provide
novel cell size metrics for mass cytometry experiments, and
are broadly useful to further expand the already impressive
repertoire of possibilities with this technique.

REsurts AND DiscussioN

Wheat Germ Agglutinin Staining Intensity Correlates
with Imaging-Based Cell Size Measurements

Wheat Germ Agglutinin (WGA) is a lectin that binds to
sialic acid and N-acetylglucosamine residues and is widely
known to bind to cell membranes (26-30). As a first step in
determining a quantitative relationship between WGA stain-
ing intensity and cell size, we fixed then stained suspension
HEK?293 cells with Alexa Fluor 488-conjugated WGA, and col-
lected 20X images of 3,602 individual cells (see Methods and
Fig. 1A). We used automated image analysis to extract the
integrated Alexa Fluor 488-WGA fluorescence intensity for
each individual cell, and correlated it with cell size from the
same extracted images (Figs. 1B and 1C). This analysis
revealed an excellent correlation over a wide range of cell sizes.
These results suggest that the intensity of WGA staining is a
suitable metric of cell size.

Wheat Germ Agglutinin Staining Intensity Correlates
with Forward Scatter Intensity in Flow Cytometry

In flow cytometry, forward scatter intensity (FSC) is
widely regarded as a metric that is related to (but not an exact
measure of) cell size. To further examine the suitability of
WGA staining intensity as a metric related to cell size, we per-
formed flow cytometry experiments to correlate the two
(Figs. 1D and 1E). We stained two different human cell lines,

HEK?293 and U87, with two different concentrations of Alexa
Fluor 488-conjugated WGA. For both lines at both concentra-
tions, we observed a strongly statistically significant correla-
tion between FSC and WGA intensities, whereas there was no
correlation in unstained cells.

HEK293 cells are smaller than U87 cells, so we expected
that U87 cells may need a higher concentration of WGA dur-
ing staining. This is what we observed, as quantified by
improved R values for high WGA staining concentrations in
U87 cells, vs. similar R? values for both WGA staining concen-
trations in HEK293 cells. This shows that optimal staining
concentrations for WGA should be determined independently
for different cell lines. In this case, that may be due to differ-
ences in cell size. But in general, this may be due to differences
in the various cell membrane components that bind WGA
(which can vary as a function of cell type), or perhaps even
the refractive index of the cells, which FSC also detects. We
conclude that WGA staining intensity is a reasonable surro-
gate for FSC in flow cytometry applications.

Wheat Germ Agglutinin Staining Can Substitute
for Forward Scatter in Conventional Flow
Cytometry-Based Whole Blood Analysis

A typical flow cytometry application is quantification of
the proportions of granulocytes, monocytes and lymphocytes
in whole blood samples based on FSC and SSC scatterplots.
Since we found that WGA staining intensity correlates well
with both cell size and FSC, we wanted to investigate whether
it could be used as a surrogate in such whole blood analyses.
We stained whole blood samples with Alexa Fluor 488-WGA
and subjected them to flow cytometry analysis (see Methods).
We gated cells according to conventional standards to deter-
mine granulocytes, monocytes and lymphocytes based on FSC
vs. SSC (Fig. 1F). The cells within these conventional gates
mapped very cleanly onto a scatter plot where FSC was
replaced with WGA staining intensity (Fig. 1G). Cell type pro-
portions for each experimental replicate were plotted for the
two different gating strategies along a x = y line. Our results
show that the population proportions for each gating strategy
fall along the x= y line, indicating that these two strategies
give similar population proportions (Fig. 1H). These data fur-
ther support the notion that WGA staining intensity is a suit-
able metric for cell size, and suggest that it can be used
interchangeably with FSC in routine flow cytometry analyses,
such as quantification of granulocyte, monocyte and lympho-
cyte proportions in whole blood samples.

Using WGA Staining as a Metric of Cell Size
in Mass Cytometry

The above results suggest that WGA staining intensity is
a metric related to cell size. To test the applicability of this
metric to mass cytometry, we stained human whole blood
with a panel of antibodies to identify major circulating
immune cell types (Table 1), followed by Alexa Fluor 488-
WGA and a Hol65-conjugated anti-Alexa-488 antibody.
SPADE analysis was used to map the multi-dimensional data
to 2-dimensional space, and WGA intensity was evaluated
across immune subtypes as identified by their canonical

Cell Size Assays for Mass Cytometry
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Figure 1. Establishing Wheat Germ Agglutinin Staining Intensity as a Metric for Cell Size. A-C: Imaging of A488-WGA-stained HEK293 cells.
Representative fields of view are shown for 20X fluorescence images (intensity adjusted image displayed for illustration purposes only) (A) or
processed images (B). Individual cells were identified from the processed images and the integrated fluorescence intensity and area were cal-
culated. Data for each cell are shown in (C). Pseudo volume is cell area raised to the 3/2 power. D, E: WGA-stained HEK293 (D) and U87 cells (E)
were subjected to flow cytometry (see Methods), and the correlation between FSC and WGA staining intensity is shown. F-H: Blood samples
were subjected to flow cytometry analysis and gating to discriminate between granulocytes, monocytes and lymphocytes was applied based
on FSC vs. SSC data (F) or WGA vs. SSC data (G). Consistency of cell type proportions between the two gating strategies are shown in (H). [Col-
or figure can be viewed at wileyonlinelibrary.com]
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Table 1a. Whole blood staining panel

Table 1c. Lung staining panel

ISOTOPE ANTIBODY CLONE SOURCE
In113 CD57 HCD57 Biolegend
In115 CD45 HI130 Biolegend
Nd142 CD19 HIB19 Biolegend
Nd143 CD45RA HI100 Biolegend
Nd145 CD4 RPA-T4 Biolegend
Nd146 CD8 RPA-T8 Biolegend
Nd148 CD16 3G8 Biolegend
Sm149 CD127 A019D5 Biolegend
Nd150 CDlc Li61 Biolegend
Eul51 CD123 6H6 Biolegend
Sm152 CD66b GI0F5 Biolegend
Gd155 CD27 0323 Biolegend
Gd160 CD14 MS5E2 Biolegend
Dylé6l CD56 B159 BD Biosciences
Erl66 CD25 M-A251 Biolegend
Er168 CD3 UCHT1 Biolegend
Er170 CD38 HB-7 Biolegend
Yb171 CD161 HP-3G10 Biolegend
Yb174 HLADR 1243 Biolegend
Hol65 anti-Alexa Life Technologies
Fluor 488

marker expression patterns (Fig. 2—color indicates WGA stain-
ing intensity) (31). Despite not being used as a clustering
parameter, we found that WGA staining intensity nicely self-
organizes within this map (Fig. 2A—color indicates WGA
staining intensity). We found that relative WGA staining inten-
sity was quite consistent within specific immune cell subsets,
and that patterns of relative expression across cell subsets varied
reproducibly across individuals (Fig. 2B). We also found that
WGA staining intensity across cell subsets generally correlated
with published cell diameter (Table 2 and Fig. 2C), with smaller
lymphocytes exhibiting significantly lower WGA intensity than
larger monocytes and granulocytes. Notably, WGA intensity

Table 1b. Osmium validation panel

ISOTOPE ANTIBODY CLONE SOURCE
Nd142 CD19 HIB19 Biolegend
Nd143 CD45RA HI100 Biolegend
Nd145 CD4 RPA-T4 Biolegend
Nd146 CD8 RPA-T8 Biolegend
Nd148 CD16 3G8 Biolegend
Nd150 CDlc L161 Biolegend
Eul51 CD123 6H6 Biolegend
Sm152 CD66b GI10F5 Biolegend
Gd155 CD27 0323 Biolegend
Gd156 p-p38 D3F9 Fluidigm
Gd160 CD14 M5E2 Biolegend
Dyl61 CD56 B159 BD Biosciences
Er168 CD3 UCHT1 Biolegend
Er170 CD38 HB-7 Biolegend
Yb174 HLADR 1243 Biolegend
4

ISOTOPE ANTIBODY CLONE SOURCE
In113 CD57 HCD57 Biolegend
In115 HLA-ABC W6-32 Biolegend
Pr141 CD326 9C4 Fluidigm
Nd142 CD19 HIBI9 Biolegend
Nd143 CD45RA HI100 Biolegend
Nd145 CD4 RPA-T4 Biolegend
Nd146 CD8 RPA-T8 Biolegend
Nd148 CD16 3G8 Biolegend
Nd150 CDlIc L161 Biolegend
Eul51 CDI123 6H6 Biolegend
Sm152 CD66b GI0F5 Biolegend
Gd155 CD27 0323 Biolegend
Gd158 CD33 WMS53 Fluidigm
Gd160 CD14 M5E2 Biolegend
Dyl61 CD56 B159 BD Biosciences
Dylé62 CD64 10.1 Biolegend
Erl67 CDl11c Bul5 Biolegend
Er168 CD3 UCHT1 Biolegend
Er170 CD38 HB-7 Biolegend
Yb171 CD161 HP-3G10 Biolegend
Yb172 CD206 15-2 Biolegend
Yb174 HLADR 1243 Biolegend
Pt198 CD45 HI130 Biolegend
Bi209 CDl11b ICRF44 Fluidigm
Hol65 anti-Alexa Life Technologies
Fluor 488

also differed consistently between larger CD14™ monocytes,
which have a diameter of ~18 pm and smaller CD16™ mono-
cytes, which have a diameter of ~14 um (32).

These results suggest that WGA staining intensity can be
used as a proxy for cell size in mass cytometry. Of course, cer-
tain immunological cell types, as well as nonimmunological
cell types, may differ in the relative glycoprotein composition
of their plasma membranes, which may lead to differences in
WGA-binding capacity. This may explain why certain popula-
tions, such as eosinophils, exhibited higher WGA staining
intensity than other cell of similar expected size. Therefore,
while these data suggest WGA staining intensity to be an indi-
cator of cell size, caution should be taken when comparing
across cell types quantitatively. Within a population of cells
under similar conditions, however, our data do support the
notion that WGA staining intensity is a reasonable quantita-
tive measure of cell size that may serve as an analogue for FSC
in mass cytometry experiments. In addition, the finding that
defined cellular populations express distinct WGA profiles,
suggests that the incorporation of this feature may facilitate
population identification and doublet discrimination using
automated clustering algorithms.

Establishing Osmium Tetroxide as a Novel, Versatile
Staining Reagent for Mass Cytometry

The data above are all focused on establishing WGA
staining to determine plasma membrane content as a metric

Cell Size Assays for Mass Cytometry
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Figure 2. WGA intensity in mass cytometry analysis of human whole blood. Whole blood was stained with a panel of antibodies to identi-
fy major immune subsets together with WGA-A488 detected with an Ho165-tagged anti-A488 secondary antibody, and the data were visu-
alized using SPADE. WGA staining in a representative sample is shown across the SPADE tree as fold change relative to MMO control (A).
Major immune populations are delineated on the tree based on canonical marker expression. The median normalized WGA staining inten-
sity is shown for the identified immune cell subsets in 8 separate individuals (B), and the average intensity is correlated with the published
diameters of the corresponding cell subsets (C and Table 2). [Color figure can be viewed at wileyonlinelibrary.com]

for cell size in mass cytometry. However, in recognizing that
differences across cell types may result from differences in
membrane glycoprotein composition, we sought to confirm
these findings with a second independent measurement of
cell membrane content that could be applied to mass cytom-
etry. Osmium tetroxide (OsOy,) is a lipid-reactive reagent
that has been widely used in electron microscopy applica-
tions as a cell membrane-selective contrast agent (33). Since
Os0, staining results in the deposition of elemental osmium

Table 2. Published cell sizes

PUBLISHED DIAMETER
CELLTYPE (MEDIAN, MICRONS)
T cells® 8
B Cells®® 8
Neutrophils®® 10.5
Basophils®® 12
CD14 monocytes 18
CD16 Monocytes> 14
Eosinophils®® 13.5
pDC”’ 9

Cytometry Part A e 00A: 00—00, 2016

into the plasma membrane, and osmium falls within the detect-
able mass range of the CyTOF2, we hypothesized that OsO,
could also serve as mass-cytometry compatible measure of plas-
ma membranes. We found that staining single cell suspensions
with a 300 nM solution of OsO, resulted in a strong cellular
osmium signal that was optimally detected in the Os-192 chan-
nel, consistent with the expected natural isotopic abundance
ratios (Fig. 3A). To further validate the utility and versatility of
050, as a staining reagent for mass cytometry, we tested OsO,
labeling prior to and following antibody staining (Fig. 3B), and
found that both methods resulted in robust OsO, labeling
across all cells (Fig. 3C). Furthermore, the addition of OsO, to
the samples either before or after antibody staining did not
noticeably alter staining for any of the antibodies tested, as
visualized by the consistent position of all populations on a
viSNE map (Figs. 3C and 3D). We also found that osmium
labeling was compatible with methanol permeabilization and
intracellular detection of dynamic changes in protein phos-
phorylation, as shown by consistent detection of changes in
p38 phosphorylation in response to PMA stimulation when
PBMC were subjected to OsO, staining prior to or after anti-
body staining (Fig. 3E).
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Conveniently, the 192 mass channel is not currently used
for any mass tag labels, and when using a 300 nM labeling
solution we did not observe any problematic crosstalk or
interference with any other channels used for antibody label-
ing or detectable background persistence on the instrument
(data not shown). Together, these data establish that OsO,
staining can be easily incorporated as an additional parameter
to supplement current antibody and nucleic acid staining
without sacrificing existing antibody detection channels.

Using WGA and Os0O, as Complementary Metrics of
Cell Size in Mass Cytometry

We next evaluated OsO, staining as a measurement of
cell size for mass cytometry by cross referencing it with WGA
staining as an independent measure, based on our earlier
experiments. We performed similar experiments to those in
Figure 2, using a panel of antibodies to identify major
immune cell subsets in human whole blood and co-staining
with both WGA and OsO,. Similar as above, both WGA stain-
ing and OsO, staining show a range of staining intensities
across cell types but consistent median intensity within
immunological clades as identified by SPADE analyses (4A,
B). This could also be visualized using a traditional biaxial
plot of WGA against OsO, (Fig. 4C). The similarity in staining
profiles between WGA and Os192 implies that both stains
detect plasma membrane content, in turn implying that OsO,
staining intensity also relates to cell size. We also observed a
statistically significant correlation between the median stain-
ing intensities of WGA and OsO, for the various cell types
across multiple individuals (Fig. 4D). We did note some
changes in relative staining intensities for specific cell subsets
using these two technique; for example, both stains reliably
showed differences between lymphocytes and monocytes, though
neutrophils exhibited a relatively lower osmium intensity than
WGA intensity. With both stains, eosinophils exhibited high
staining intensity at a level greater than would be anticipated sole-
ly based on predicted cell size. In the case of osmium intensity,
this may relate to the presence of eosinophil lipid bodies, which
are known to be characteristically electron dense when visualized
using transmission electron microscopy following osmium label-
ing (34). This attribute may also relate to the characteristically
high SSC of eosinophils in conventional flow cytometry, a mea-
surement that is proportional to cell granularity.

As a further proof-of-principle of the potentially broad
utility of these reagents in characterizing samples by mass
cytometry, we applied them to a dissociated human lung sam-
ple, comprising a more heterogeneous cellular sample than
peripheral blood. As in whole blood, both WGA and Os-192
showed similar distributions of staining intensity across cell

subsets (Figs. 4E and 4F) with distinct populations exhibiting
characteristic intensity patterns. Relative expression patterns
across CD45 hematopoietic cell subsets were similar to those
observed among analogous subsets in whole blood, with mye-
loid cells showing higher expression than T cells. Notably, we
found that CD45-CD326+ lung epithelial cells expressed
much higher levels of WGA and Os-192 staining than hemato-
poietic cells, consistent with their larger expected cell size.
Interestingly, some broadly defined populations, such as mac-
rophages, showed heterogeneous WGA and Os-192 expres-
sion, suggesting the potential utility of these reagents in
revealing additional heterogeneity in complex cellular samples
beyond that identified by traditional antibody staining. We
conclude that WGA and OsOy, are versatile and complementa-
ry assays that can be used to characterize size-related cellular
heterogeneity in mass cytometry experiments.

METHODS

Subjects and Samples

All samples were collected under protocols approved by
Institutional Review Board of the Icahn School of Medicine at
Mt. Sinai. Whole blood was collected from healthy donors in
sodium heparin vacutainer tubes under a protocol of the
Human Immune Monitoring Core and stained within 4 hrs
from the time of blood draw. Lung tissue was collected from a
patient undergoing resection for stage I non-small cell lung
carcinoma. Non-involved lung tissue was collected from a site
distal from the tumor and processed for mass cytometry as
described below.

Cell Culture

HEK293 (Life Technologies) and U87 (gift from James
Gallo) cells were cultured in Dulbecco’s modified eagle medi-
um supplemented with 2 mM L-glutamine and 10% heat
inactivated fetal bovine serum at 37°C with 5% CO,. Cells
were subcultured every 2—-3 days to maintain subconfluency.

Preparation of Cells for WGA Staining

WGA staining stock solution was prepared by dissolving
5 mg of wheat germ agglutinin Alexa Fluor 488 conjugate
(A488-WGA) purchased from Life Technologies in 5 mL of
PBS. Prior to dilution, A488-WGA stock solution was centri-
fuged for 5 minutes at 1100xG. Dilutions of 1 pug/mL and 10
ug/mL A488-WGA were freshly prepared by diluting the
A488-WGA staining stock solution in PBS. Cells that were to
be stained with A488-WGA were lifted with trypsin and fixed
using a final concentration of 2% formaldehyde at 37°C for 15
minutes. Cells were spun at 500 X ¢ and washed twice with
5 mL PBS and placed in a FACS tube. Cells were centrifuged

Figure 3. Validation of OsO,4 in Mass Cytometry (A) Fixed PBMCs were stained with increasing concentrations of OsO4 and median signal
intensity for all gated cell singlets was evaluated for all osmium isotopic mass channels and compared to natural isotopic abundance. B-E:
Resting and PMA-stimulated PBMCs were fixed and stained with a panel of antibodies against surface markers and intracellularly with an anti-
body stained against phospho-p38. OsO, staining was performed either before or after antibody staining (B). The data were visualized using
VviSNE to map the multi-dimensional data to two-dimensional space (C-D). 0s192 expression is shown across all populations on the map (C)
and major immune populations on the map were manually identified using global gates based on canonical marker expression patterns (D).
Phospho-p38 expression is shown for the gated T cell population (E), and the overlaid histograms are colored based on the fold change
between the stimulated and non-stimulated control samples. [Color figure can be viewed at wileyonlinelibrary.com]

Cytometry Part A e 00A: 00—00, 2016


http://wileyonlinelibrary.com

ORIGINAL ARTICLE

@ 17.08cels
A .reruo-m

Neutrophils

Bé

17,08 cells.
T.9726 celis

565

CD8 T cells

' arz
I 33

@ Eosinophils

CD1c DCs

\ ; I LE 1]
c .'© pDCs

@ Eosinophils

WGA ! 0s192 ve .* (> ppes
L ]
T colls Y® Basophils T cells O Basophils
CD16 monocytes CD16 monocytes
CD4 T cells
B cells CD14 monocytes CD14 monocytes
NK cells %
C A D *
] L]
] R? = 0.7209 e Becells
2 . ® CD4 T cells
I 2 3- Ao CD8Tcels
D [
b= E v pDCs
O - £ » + Basophils
g © CD16hi monocytes
2 7 m  NK cells
3 © A CD1cDCs
W TN L] ® A A v Neutrophils
WGA-A488-Ho165 g . g’ . ‘;’ @ CD14hi monocytes
I Viable singlets 2 menal. + Eosinophils
ENeutrophils "e
BT cells
I Monocytes 0 T T 1
B Eosinphils 0 1 2 3
Normalized WGA intensity
= T @ oo
on 1 1
l Macrophages DRI ot ' Macrophages

Monocytes

WGA .
.
L
LI e
NK cells % ® NK cells
e* %o, 000
o . ® "
Neutrophils Neutrophils &
. Basophils . Basophils
Eosinophils Eosinophils @
Epithelial cells Epithelial cells
T cells T cells piCs
Figure 4.

Cell Size Assays for Mass Cytometry



ORIGINAL ARTICLE

at 500 X g for 5 minutes and were re-suspended in 1 uL A488-
WGA staining solution per 1000 cells at the desired A488-
WGA staining solution concentration. Cells were stained in
the dark at room temperature for 15 minutes. Following stain-
ing, cells were washed twice with 5 mL PBS, before final sus-
pension in 500 uL of PBS for flow cytometry analysis.

0s0, Staining

Osmium tetroxide (99.9%+ trace metal basis, ACROS
Organics) was first dissolved to a 2% (w/vol) solution and
then diluted to a 0.1% stock solution using deionized water
and stored in frozen aliquots in glass vials at —20°C. Stocks
were diluted 10,000X to produce a 10°% (300 nM) solution
in PBS. To stain cell samples, 1-3 million fixed cells were
resuspended in 100 pL of the staining solution, incubated for
10 mins at room temperature, and then washed 2X with
PBS + 0.2% (g/100 mL) BSA. In the initial validation experi-
ments shown in Figure 3, OsO, staining was tested either pri-
or to or after surface/intracellular antibody staining; however,
in the experiments shown in Figure 4, OsO, staining was per-
formed after antibody staining. All procedures involving OsO,
were performed in a chemical fume cabinet using appropriate
safety precautions to account for the toxicity and volatility of
0s0,, and osmium waste solutions were neutralized with
corn oil prior to disposal.

Imaging

HEK293 cells were stained with 1ug/mL A488-WGA as
outlined in Preparation of Cells for WGA Staining. After stain-
ing, 2000 cells were plated on a Corning 3603 96 well plate.
The plate was then centrifuged at 100 X g for 5 minutes to set-
tle the stained cells to the bottom of the plate. Cells were then
imaged with a GE In-Cell Analyzer 2200 20X objective using
the FITCI channel (Ex 475/25, Em 511.5/23). Images were
background subtracted using ImageJ and quantified utilizing
a custom CellProfiler pipeline, where cell area and integrated
intensity were determined. All scripts are available upon
request.

Flow Cytometry

Cultured HEK293 and U87 cells were stained with A488-
WGA as outlined in Preparation of Cells for WGA Staining.
Following staining, the cells were analyzed with the BD
LSRFortessa flow cytometer. The 488 excitation laser and 530/
30m (FITC) emission filter were used. Events were gated by
FSC and SSC to eliminate debris, and singlets were identified
by gating based on FSC-A vs FSC-W. Data were exported to
MATLAB, and the correlation between A488-WGA staining
intensity and FSC-A was calculated with the function fit.

Whole blood samples from healthy donors (see above)
were stained with fluorochrome—conjugated antibodies
CD45-BV510 (Clone HI130), CD3-FITC (Clone UCHT1),
CD14-APC Cy7 (Clone M5E2) and CD16-BV650 (Clone
3G8) (Biolegend). Antibodies were added directly to the
blood, incubated for 20 minutes, and then the blood was
treated using BD FACS Lysing Solution (according to manu-
facturer’s protocol), washed with FACS buffer and then
stained with A488-WGA using the method outlined in Prepa-
ration of Cells for WGA Staining. Stained blood cells were ana-
lyzed with the BD LSR Fortessa flow cytometer with the
following channels: Alexafluor 700 (Ex 640 Em 730/45), APC
(Ex 640, Em 660/20), FITC (Ex 488, Em 530/30), Qdot655
(Ex 405, Em 670/30), AmCyan (Ex 405, Em 525/20), and
APCCy7 (Ex 640, Em 780/60). FITC PMT voltage was adjust-
ed for cells stained with A488-WGA to avoid detector satura-
tion. The data was then processed with FCS Express 5 without
compensation, where cells were gated into three populations
of cell types based on the conventional method of SSC-H and
FSC-H scatter plots: lymphocytes, monocytes and granulo-
cytes. Population percentages for each cell type were calculat-
ed for each patient sample using the conventional gating
methods. The populations that were determined convention-
ally were mapped to SSC-H vs. WGA 488-H scatter plots,
where the population percentages for each cell type were
determined. The population percentages were then compared
between the two gating methods: SSC-H, FSC-H and SSC-H,
WGA488-H.

Mass Cytometry Sample Processing

All mass cytometry antibodies used in this study were
either purchased from Fluidigm or conjugated in house using
X8 MaxPar Conjugation kits (Fluidigm Inc.). For the whole
blood staining experiments in Figures 2 and 4, a titrated anti-
body panel (Table 1a) was added directly to 500 uL of whole
blood and incubated for 20 minutes at room temperature,
after which the blood was lysed and fixed using BD FACS Lysis
buffer (BD Biosciences). The antibody—stained blood samples
were then divided and either stained with A488-WGA, as
described above, or left as a “metal-minus-one” (MMO)
staining control. The samples were then washed, treated with
100 U/ml heparin to prevent non-specific antibody binding
(35) and stained with a Hol65-conjugated anti-Alexa488 anti-
body (Life Technologies). The samples were then washed,
divided and either stained with OsO, as described above, or
left as a MMO staining control.

For the validation experiments shown in Figures 3B-3E,
PBMCs were left unstimulated or stimulated for 15 minutes
using a PMA-based Lymphocyte Activation Cocktail (Biolegend)

Figure 4. Using WGA and OsO, in Mass Cytometry. A-D: Whole blood was stained with a panel of antibodies to identify major immune sub-
sets and co-stained with WGA-A488-Ho 165 and OsQ,, and the data were analyzed using SPADE. Ho165-WGA (A) and Os192 (B) staining inten-
sity are shown across the SPADE tree for a representative sample, with major immune populations delineated based on canonical marker
expression. (C) Immune population from a representative sample overlaid on biaxial plot dot plot scaled to show comparative expression of
WGA against Os192. (D) Correlation of normalized median WGA-Ho165 and Os192 signal intensity across immune cell subsets in 3 individuals.
E,F: A dissociated human lung sample was stained with a panel of antibodies to identify major cell subsets and co-stained with WGA-A488-
Ho165 and OsO,, and the data were analyzed using SPADE. Ho165-WGA (E) and Os192 (F) staining intensity are shown across the SPADE tree
with major populations delineated based on canonical marker expression. [Color figure can be viewed at wileyonlinelibrary.com]
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and then fixed with 1.6% formaldehyde, stained with a panel of
antibodies against cell surface markers (Table 1b), permeabilized
with ice-cold methanol and then intracellularly stained with a
156Gd-conjugated antibody against phosphorylated p38 (T180/
Y182, Fluidigm). The cells were treated with OsO, as described
above either prior to or after antibody staining.

For the experiment in Figure 4E, resected human lung
tissue was cut into small pieces, enzymatically digested using
collagenase type IV (Sigma Aldrich) for 45 minutes at 37°C
and then passed through a 16-gauge needle. Red blood cells
were lysed using RBC lysis buffer (Biolegend) and the sample
was filtered through a 70 um strainer to create a dissociated
single cell suspension. The sample was incubated with Rh103
nucleic acid intercalator for 15 minutes at 37°C as a viability
dye, and then stained with an antibody panel against cell sur-
face markers (Table 1c). The sample was then fixed and
stained with A488-WGA, followed by a Hol65-conjugated
anti-Alexa488 antibody, followed by OsO, as described above.

After staining, all samples were incubated with 0.125 nM
Ir nucleic acid intercalator (Fluidigm) to enable cell identifica-
tion based on DNA-content, and stored in PBS with freshly
diluted 2% formaldehyde (Electron Microscopy Sciences)
until acquisition. Immediately prior to acquisition, samples
were washed once with PBS, once with deionized water and
resuspended at a concentration of 600,000 cells/ml in water
containing a 1/20 dilution of EQ 4 element beads (Fluidigm).
Following routine autotuning according to the manufacturer’s
recommendations, the samples were acquired on a CyTOF2
mass cytometer (Fluidigm) equipped with a SuperSampler
system (Victorian Airships) at a flow rate of 0.045 ml/min.
For quality control, the acquisition event rate was maintained
under 400 events/s, and the EQ beads were confirmed to have
a median Eul51 intensity of over 1000 to ensure appropriate
mass sensitivity.

Mass Cytometry Data Analysis

FCS files were normalized using the bead-based normali-
zation tool in the CyTOF2 software and uploaded to Cyto-
bank for analysis. Cell events were identified as Ir191/193
DNA+. Cel40- (viability stain) events and doublets were
excluded on the basis of higher DNA content and longer event
length. Gated singlets were analyzed using Spanning-tree Pro-
gression Analysis of Density-normalized Events (SPADE) (31)
or viSNE (23) to map multi-dimensional data onto two-
dimensional space. Whole blood SPADE trees in Figures 2A
and 4A and viSNE maps in Figures 3C and D were generated
using CD45, CD19, CD45RA, CD3, CD4, CD8, CDI6,
CD66b, CDlc, CD123, CD14, CD56 and HLA-DR. The
SPADE trees in Figures 4E and F additionally used expression
of CD326, CD33, CD64 and CD206 as clustering parameters.
In all cases, WGA and Os192 were excluded as clustering
parameters. Major immune populations were identified based
on expressed patterns of canonical cell surface markers. Inten-
sity of WGA-A488-Ho165 and Os192 were visualized on the
SPADE map relative to MMO staining controls. To account
for experimental variability and differences in absolute stain-
ing intensity between experiments, when comparing WGA
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and Os192 staining intensity across experiments and individu-
als, the median intensity of each immune population was nor-
malized to the median intensity of the respective parameter
for all singlets in the sample. Gated populations on the spade
tree were exported to generate statistics, and aggregate data
were analyzed using Graphpad Prism.

CONCLUSIONS

To our knowledge, most mass cytometry experiments to
date have been limited to the detection of proteins and nucleic
acids. While “Event length” is collected as a default feature
during mass cytometry acquisition, this parameter is largely
driven by gas expansion kinetics and total ion cloud metal
content and does not correlate with cell size, so there is not
yet a reliable metric for cell size in mass cytometry experi-
ments. Here, we have adapted two membrane staining assays
to mass cytometry, based on either WGA or OsO, staining,
and we provide evidence that they offer useful features related
to cell size, and may serve as surrogate parameters for the light
scatter properties measured in conventional flow cytometry.
Furthermore, while staining resolution of these parameters is
likely insufficient to allow robust population identification
alone, we believe they may serve as useful additional features
to improve accurate population identification and doublet
discrimination using automated clustering algorithms, which
is a subject of ongoing investigation in our group. Overall, we
expect these versatile assays to be broadly useful and to further
add to the dimensions that may be analyzed by mass
cytometry.
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