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Abstract
Single cell mass cytometry facilitates high-dimensional, quantitative analysis of the effects of
bioactive molecules on cell populations at single-cell resolution. Datasets are generated with
antibody panels (upwards of 40) in which each antibody is conjugated to a polymer chelated with
a stable metal isotope, usually in the Lanthanide series of the periodic table. Isotope labelled
antibodies recognize surface markers to delineate cell types and intracellular signaling molecules
to provide a measure of the network state—and thereby demarcating multiple cell state functions
such as apoptosis, DNA damage and cell cycle. By measuring all these parameters simultaneously,
the signaling state of an individual cell can be measured at its network state. This review will
cover the basics of mass cytometry as well as outline steps already taken to allow it to stand aside
traditional fluorescence based cytometry in the immunologist’s analytical arsenal in their study of
immune states during infection.
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Introduction
Fluorescence-based flow cytometry has proven an invaluable technology for both
immunologists and clinicians alike [1]. Importantly, it provides critical biological
information at the single-cell level regarding ploidy, immunophenotype, frequency of cell
subsets, expression levels of proteins, as well as functional characterization [2-7].
Furthermore, the potential of this technology can be significantly extended by interrogating
single cells not only in their basal state but also after their exposure to exogenous stimuli.
The latter has given rise to fluorescence-based phospho-flow cytometry, which has enabled
determination of the activity of intracellular pathways [8-17]. Interrogated revelation of
cellular states is key to the mechanistic understanding of the diseased cell, immune systems
perturbed during infection, and to elucidating the positive or negative effects on these
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pathways wherein cells have been exposed to therapeutic and potential therapeutic agents in
vitro or in vivo [14, 18-20].

However, as powerful as fluorescence-based flow cytometry can be, it falls somewhat short
of uncovering the well-recognized complexity of the immune system when determined
simultaneously with intracellular network states. The primary drawback of traditional
fluorescence-based flow cytometry is ironically the same tool that has enabled it to be so
useful for nearly three3 decades. In fluorescence-based flow cytometry, the number of
markers that can be simultaneously analyzed is inherently limited by fluorescence spectral
overlap— that measurement beyond three fluorophores becomes more complex with
increasing parameters added, involving corrections for spectral overlap as well as
experimental appreciation for the cellular autofluorescence of certain cell types [21, 22].
Even with such corrections & understanding, the practical multiplexing limit of flow
cytometry is about ten markers wherein significant training or effort is involved in designing
panels with multiple markers. Investigation of intracellular pathways under such restrictions
is unwieldy (if not impossible), since the bulk of the parameters for a fluorescence based
analysis will be assigned to surface markers that call out specific cell types, leaving only a
few channel to measure phosphorylation states or levels of intracellular proteins. So what do
we go from here?

A new generation of single-cell analysis technology called mass cytometry overcomes most
of these limitations (Figure 1). The CyTOF (CYtometry Time Of Flight) is a newly
developed single cell mass spectrometry-flow cytometry hybrid instrument that replaces
fluorophores with stable elemental mass reporters [23-28]. The increased signal resolution
(Figure 1) of this new platform offers, at the least, a 10-fold improvement in the number of
simultaneous parameters that can be readily measured. Mass cytometry offers a number of
significant advantages compared to fluorescence-based applications. It is quantitatively
accurate with detection at the single cell level being linear across 4 orders of magnitude
where unlike fluorescence the difference in sensitivity between the best and worst reporters
is only ~2-fold (1). Further advances such as increased numbers of deployable isotopes,
novel nano-crystal configurations, and computational tools promise to extend cytometry
well into the “omics” arena and eventually provide system-wide views of immune function
in healthy and diseased patients in infectious disease and other inflammatory states that lead
to morbidity and mortality.

Basic Concepts of Mass Cytometry
To address the limitation of traditional fluorescence based cytometry, namely the
simultaneously measured parameter ceiling, Scott Tanner and colleagues at the University of
Toronto embarked upon a remarkable adaptation of inductively coupled plasma mass
spectrometry (ICP-MS). ICP-MS is routinely used in the mining, metallurgy and semi-
conductor industries and is the method of choice for measuring the elemental composition of
materials since it can detect the contamination of, for example, blood with lead and drinking
water with arsenic, beryllium or heavy metals. In ICP-MS, samples are atomized and
ionized in plasma at temperatures approximating that of the surface of the sun (7500K). The
mass spectrometer can then resolve and quantify elemental components, based on mass-to-
charge ratio (m/z), with a level of sensitivity of parts per quadrillion. Key features of
traditional ICP-MS instrumentation that make it a prime technology for adaptation to
cytometry include the absence of interference between elemental masses and a linear
dynamic range of greater than 108.

Tanner and colleagues realized that incorporating such attributes into flow cytometry might
dramatically increase the number of parameters that could be measured per single cell. They
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reasoned that, rather than being conjugated to fluorophores, antibodies could be conjugated
to stable metal isotopes, such as lanthanides, that are absent or at low abundance in
biological systems, and then adapt ICP-MS instrumentation for their detection [23, 28-33].
This was the foundational concept upon which the mass cytometer was developed.

By tagging each antibody with a unique lanthanide isotope, the readout from each isotope
can be correlated with a particular antibody, which in turn can be correlated to levels of
antigen associated with an individual cell. Thus, the number of simultaneously measurable
parameters per cell is now only limited by the number of stable isotopes suitable for
conjugating to antibody reagents. For this to be accomplished, two fundamental technical
challenges needed to be overcome. One was to develop reagents to tag antibodies with stable
metal isotopes. Another was to adapt the ICP mass spectrometer to simultaneously detect
multiple isotope tags, in the form of an ion cloud, associated with a single cell event.

In many respects the workflow or pipeline of mass cytometry is analogous to traditional
flow cytometry (see Figure 1). By taking advantage of a long history of fluorescence based
innovations, it has been possible to “recreate” the utility of many reagents with isotope
labelled tags. This and extension specific to mass cytometry will be outlined below.

Attaching Metal-Chelating Polymers to Antibodies
For the attachment of multiple atoms of a given isotope to a selected antibody, acrylic acid
polymers were synthesized with a uniform number polymer units and functionalized with
multiple copies of a chelator, such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid or diethylene triamine pentaacetic acid (DTPA), compatible with the chemistry of
trivalent metal lanthanide ions [34]. The resultant chelated lanthanide has a Kd of 10−16 and
is therefore nearly impervious to losses or exchanges between other chelated metals within
an antibody panel. A terminal maleimide group on the polymer permits its conjugation to
selectively reduced disulfide groups in the hinge region of the immunoglobulin heavy chain.

Typically two to four polymers bind to each antibody, with each polymer chain capable of
carrying up to 30 metal isotopes [32, 34, 35]. The first and current generation of isotope-
chelating polymers can bear up to 120 lanthanide ions per antibody molecule [34]. That,
combined with the level of ion transmission at 1 in 10,000, means the lower limit of
detection for any given cellular parameter is about 300-1000 target protein copies
(comparable to many fluorophores by traditional fluorescence). Unlike photomultiplier tubes
in photon-driven cytometry which can show non-linear sensitivity across the dynamic range,
the sensitivity of the ICP-MS readout is linearly proportional to the number of elemental
isotopes conjugated to each antibody. Nevertheless, the sensitivity of lanthanide-conjugated
antibodies is currently about two-fold lower than the brightest fluorophores such as
phycoerythrin.

As will be discussed below, the lanthanides dominate as the group of metals compatible with
current polymer tag chemistries. However, in order to expand the number of simultaneously
measureable parameters, new chelation chemistries are under development with the aim of
including the noble metals [36]. Their atomic size falls within the range suitable for mass
cytometry and could thus significantly increase the panel of metal-tagged antibodies
available for single-cell analysis.

Assigning Stable Metal Isotopes to Measurements of Cellular Parameters
At present, a total of 37 purified, stable lanthanide isotopes are available and compatible
with the metal chelating polymer chemistry (Figure 2). Of those, 27 are available at
enrichment purities above 97 percent; the rest are available at enrichment purities above 92
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percent. Care must be taken when assigning antibodies to isotopes to ensure that impurities
in other channels do not result in false-positives during analysis. Additionally, certain metals
are prone to oxidation, which results in signal in other channels. For example, measurements
of gadolinium 157 are prone to interference from +16 oxidation of praseodymium 141. In
addition to the lanthanides, indium, a post-transition metal, has two isotopes that are
compatible with the chelating chemistry, but their sensitivity is low and thus only suitable
for detection of highly abundant proteins, such as CD45 expressed on leukocytes. One
additional parameter can be measured with quantum dots (Q-dots) using the cadmium as a
major constituent of Q-dots.

Given the absence of light scatter properties to record a cell event, measurement of rhodium
or iridium DNA intercalators, as well as a cell event-induced ion cloud duration
measurement (“cell length”) can be used to demarcate cells in terms of their DNA content
and approximate size, respectively [27, 32]. A variety of other measurements (viability, cell
cycle and multiplexing bar-code reagents) are discussed below, bringing the total number of
quantifiable parameters for a single cell to 52. It might be possible someday to place a
standard forward and side scatter device prior to the ICP-MS plasma, but there remain
problems associating the scatter information to the post-plasma cell events. This is currently
due to the fact that while every cell that passes a light detector is measured, not every cell
makes the passage through the plasma as a uniform ion cloud. Thus, deciding which
forward/side scatter event relates to which cloud of ions will require, we believe some
orthogonal determination of which cell via light scatter can be assigned to which set of ion
events in the mass spectrometer.

Adapting ICP-MS to Measuring Single-Cell Ion Clouds
It was necessary to adapt the ICP-MS to retain the temporal information of a multi-ion cloud
derived from a single cell [23, 29, 32]. As with conventional ICP-MS, liquid samples, but
now containing a cell suspension, are nebulized into single-cell droplets, rapidly dried in a
heated spray chamber and then delivered into the central channel of the 7500K argon plasma
where they are vaporized, atomized and ionized to create clouds of ions that correspond to
the cells. The ion cloud derived from a single cell has a measurement span of approximately
200 to 300 microseconds. Each data acquisition cycle for an ion cloud representing a cell is
achieved over approximately a 200-microsecond time frame. Currently this limits the
throughput of mass cytometry to 1000 cells per second when cells are passed by Poisson
random input.

Of fundamental importance is the observation that fluorescence and mass cytometry yield
very comparable results when analyzed by traditional 2D flow plots, histograms and heat-
maps [24, 37]. Yet there are clear differences between the two platforms. Although the deep
dive into a single cell at the level of greater than 35 parameters provides an unprecedented
level of detail unavailable by fluorescence, the latter platform efficiently determines
measures of, for example, cellular calcium and reactive oxygen species, for which as yet
there are no mass cytometry equivalents. However, over the past year a number of new
reagents have been created for mass cytometry that can now be incorporated into the “tool
kit” as discussed below.

Data Normalization with Bead Standards
As with any quantitative technology, there is a stringent requirement for internal and
external reagent standards for data normalization. In the case of mass cytometry, variation in
instrument performance can be caused by factors such as instrument drift and build-up of
cellular debris on the sample introduction components. In order to correct for these factors,
polystyrene beads infused with precise amounts of several lanthanide isotopes are acquired
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simultaneously with samples for normalization of data over time. A sliding window
correction derived from the bead signature is now routinely applied to the raw mass
cytometry data before any further analysis takes place [38]. The software for its
implementation is available at www.cytobank.org/nolanlab.

Increasing Throughput and Decreasing Variability by Mass Tag Barcoding
Amine-reactive fluorescent dyes, such as Pacific Blue, Alexa Fluor 488, Alexa Fluor 700
and Alexa Fluor 750 each attached to N-hydroxysuccinimidyl (NHS) ester, can be used in
different combinations for fluorescence “barcoding” of separate samples (primary cells or
cell lines) that are subsequently pooled, stained in a single tube with a fluorescently-tagged
antibody panel and analyzed simultaneously on a flow cytometer. Data are then
deconvoluted according to the fluorescent barcode signatures of the component samples
[39]. There are three significant advantages to sample barcoding: i) all samples are stained in
the same tube with the same antibody mix, eliminating cell-to-antibody ratio-dependent
effects on staining, ii) reduced antibody consumption and iii) increased sample throughput.

These principles can also apply to barcoding reagents available for mass cytometry (mass
cell barcoding (MCB)). In a recent study, metal barcode reagents were prepared by chelating
lanthanides with a bifunctional macrocyclic compound, maleimido-mono-amide-DOTA
(mDOTA), which labels cells by covalent attachment to intracellular thiol groups. Samples
were labeled with a unique binary combination of seven mDOTA-lanthanide reagents,
multiplexed and deconvoluted to accurately recover samples with given barcodes. This
foundational study lends support to the use of metal barcoding reagents in mass cytometry
[40]. Unlike fluorescence-based cytometric analysis, a fluidics purge lasting several minutes
is required between sample introductions on the mass cytometer. The throughput gained by
barcoding is thus particularly significant. As a refinement of the barcoding reagents used in
the published study, the mDOTA-lanthanides have now been replaced with six palladium
isotopes. These have masses (102 to 110) below that of the smallest lanthanide and therefore
do not occupy channels that can otherwise be used for metal-tagged antibodies (E. Zunder,
G. Behbehani, R. Finck, C. Thom, G.P. Nolan manuscript in preparation).

Cell Viability Determinations
A large set of fluorescence-based reagents exists with which to measure cell viability. They
operate on the principle that a compromised cell with a damaged plasma membrane permits
reagent entry into the cytoplasm, whereas a healthy cell with an intact plasma membrane
does not. Specifically, reagents are available that: i) intercalate non-covalently into DNA
(for example 7-Aminoactinomycin D (7-AAD) or propidium iodide) [41, 42], ii) covalently
attach to DNA (TdT dUTP nick end labeling (TUNEL) [43] iii) covalently attach to proteins
(Invitrogen Fixable LIVE/DEAD1) [44] iv) monitor alterations in mitochondrial membrane
potential (differences in fluorescence of the monomeric and aggregate forms of 5,5′,6,6′-
tetrachloro-1,1′,3,3′ tetraethylbenzimidazolylcarbocyanine iodide (JC-1)) [45]. Similarly, a
variety of reagents is available for determination of cell viability by mass cytometry and
operates under the same principles as fluorescent reagents, albeit with a different readout.
These include rhodium and iridium-containing metal-intercalators [27] and an amine-
reactive chelator, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono (N-
hydroxysuccinimide ester) (DOTA-NHS-ester) [24]. Recently, a protocol was described for
using cisplatin to determine cell viability [46]. Although well known as a chemotherapeutic
agent because of its ability to form extremely stable DNA-platinum adducts, cisplatin has an
alternative activity in which it reacts on a much more rapid timescale (minutes as opposed to
days) with protein thiols, forming covalent platinum: sulfur bonds. Furthermore, in an
independent study, acrylamide polymers bearing platinum or palladium recognized non-
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viable cells [36]. Platinum has six stable isotopes, of which three are dominant (194, 195
and 196 Daltons) and well separated from the lanthanides, making cisplatin an ideal reagent
for determinations of cellular viability by mass cytometry.

Measuring the Cell Cycle by Mass Cytometry
No biological evaluation would be complete without including measurements of cell cycle
phase. An abundance of fluorophore-based reagents have been used for decades to stage
cells based on their DNA content using traditional flow cytometry. Included in the list are
supra-vital stains in the Hoechst group, such as 4′, 6-diamidino-2-phenylindole (DAPI) that
bind to A-T-rich regions within the minor groove of DNA, or membrane-impermeable
reagents such as propidium iodide, bromodeoxyuridine [3, 47]. These fluorescent stains can
all be used with a limited number of antibodies that characterize a specific cell cycle phase.

In a recent study, Behbehani et al. designed a panel of metal-chelated antibodies with which
to perform a comprehensive analysis of the cell cycle progression machinery [37]. The panel
included antibodies against cyclins, phosphorylated retinoblastoma (Rb), phosphorylated
Cdk1, and phosphorylated histone H3 and Ki67 to denote cells in cycle covering the G1, G2
and M phases. Of its many roles, retinoblastoma is pivotal for cell cycle progression, with a
complex mechanism defining its role in G1 to S progression [48, 49]. However, the antibody
used here was against an epitope encompassing residues pS807 and pS811, which are
substrates for cyclin C/Cdk3 and are necessary for quiescent cells to enter into cycle [50].
To identify cells in S phase, multiple studies have used halopyrimidines (bromo-, iodo- and
chloro-deoxyuridine) which become incorporated into newly synthesized DNA. Antibodies
recognizing these groups necessarily require a DNA denaturation step to gain access to the
modified site [51, 52]. However, iododexoyuridine, without an accompanying antibody, can
be measured directly by mass cytometry: the incorporated iodine in the newly synthesized
DNA has an atomic mass of 127, which falls within the requisite range for mass cytometry.
Its inclusion in the panel gave a direct and clear measure of the percentage of S-phase cells
which was also beneficial in increasing the resolution between the G1 and G2 phases.

Using a variety of cancer cell lines, cycling T lymphocytes and primary human bone
marrow, Behbehani et al. identified all cell cycle phases with a core cell cycle panel: p-Rb
(pS807/S811), IdU, cyclin B and p-Histone H3 (pS28). Importantly, the cell cycle phases
were validated in side-by-side measurements by fluorescence flow cytometry [37]. The
importance of this study lies in the ability to now measure many other biological parameters
within the context of the cell cycle. For example, signaling, DNA damage, and metabolic
pathways can now be examined at defined phases in the cell cycle (G.K Behbehani, W.J.
Fantl, G.P. Nolan, S. Lowe, P. Mallik unpublished). In the area of infectious disease,
vaccinia, influenza and hepatitis C virus infections are all known to alter cell cycle
progression [53-56]. Conversely the host cell cycle affects the replication of viruses such as
Ebola virus, in which case the virus depends on actively proliferating host cells for
replication itself [57]. This core marker set would be equally significant in the development
of therapeutic agents, many of whose activities are known to be influenced by cell cycle
state [58-62].

Measurements of Cytokines: Regulators of Immune Cell Subsets and
Beyond

Traditional flow cytometry has greatly benefited from single cell measures of cytokine
activity. The cytokine superfamily includes interleukins, chemokines, colony-stimulating
factors, interferons, as well as the transforming growth factor and tumor necrosis factor
families, all with a large array of diverse biological functions. They have well-described
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functions in innate immunity (inflammation, chemotaxis, allergy, macrophage and NK cell
activation) as well as in adaptive immunity (cellular and humoral) [63-70]. However,
cytokines are now known to be produced by and mediate their effects on cells other than
immune cells and have been implicated in the pathologies of, for example, cancer, stroke
and pulmonary arterial hypertension [71-73].

Thus, given their far-reaching effects in multiple tissues, defining cellular phenotypes based
on their cytokine expression is another essential parameter to include in the mass cytometry
toolkit. Fluorescence-based flow cytometry protocols have measured cytokine production in
a variety of T cell subsets [74-77]. Recently, mass cytometry applied to CD8+ T cells after
stimulation with PMA/ionomycin has remarkably revealed there to be about 200
distinguishable subtypes based on the combinatorial diversity of the nine functional
attributes, with even greater diversity revealed when taking into account different expression
patterns of surface markers [78]. In the same study, a large range of distinct patterns of
functional diversity were seen when examining CD8+ T cell subsets responsive to different
viral peptide-major histocompatibility complex (MHC) complexes [78]. This study has set
the stage for measuring the functional diversity of both immune and non-immune cell
subsets.

Major Histocompatibility Class-Peptide Tetramers Conjugated to Metal
Chelating Polymers

Antigen-specific T cell subsets are generated when their T cell receptors (TCR) interact with
pathogen-derived peptide-major histocompatibility complexes expressed on antigen
presenting cells [79]. At a given moment, there will be numerous T cell subsets throughout
the body with different antigen specificities. However, their low frequency and low affinity
interaction of their receptor with peptide-bound MHC precluded a detailed characterization
of their properties. To circumvent this problem, Altman and Davis constructed a peptide-
MHC tetramer in which four identical biotinylated MHC-peptide molecules were complexed
with streptavidin conjugated to a fluorophore, resulting in increased avidity [80]. The
peptide-MHC complex will only bind to the specific T-cells that respond to that peptide. The
tetramer can then be detected by flow cytometry via fluorescent label [80, 81]. Recently, the
fluorophore on streptavidin was replaced by a metal chelating polymer allowing a
multidimensional analysis to be performed by mass cytometry with a panel of cytokine
antibodies as described above. In this way it was possible to identify 56 to 106 combinations
of functional attributes for several viral-specific T cell subsets, revealing a far more complex
view of the cytokine network that seen before [78].

Building Panels of Thirty-Something Antibodies for Deep Proteomic
Profiling

One undisputed advantage of single-cell mass cytometry is the ability to measure multiple
parameters on a single-cell basis, without the need to compare smaller panels or
computationally join data files from separate smaller antibody panels [5, 7]. As mentioned
above, most isotopes are assigned to antibodies, as they are at the crux of the mass
cytometry “tool kit.” As with any antibody, the conditions for their use must be optimized.
The key steps are conjugation to the metal-containing polymer and performing the
appropriate titrations to measure signal to noise ratios (also referred to as “stain index”).

Current antibody panels are able to deeply profile both phenotypic and intracellular
signaling attributes of single cells. Panels can be designed with about 40 antibodies focused
completely on surface markers to delineate cellular hierarchy, or a combination of surface
markers and intracellular signaling molecules. The latter are focused on the activation states

Bjornson et al. Page 7

Curr Opin Immunol. Author manuscript; available in PMC 2014 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of intracellular signaling pathways. This approach has provided new information about
established cell types, as well as previously unidentified cell types revealed by new
combinations of surface markers. In addition to providing an increased understanding of the
immune system (see discussion below), mass cytometry can also provide new information
about solid tumors. Using appropriate protocols to dissociate tumors [82, 83] into their
constituent single cells, new cellular hierarchies have been revealed in ovarian cancer (J.
Stewart, B. Neel, B. Bodenmiller, W. Fantl and G. Nolan unpublished). This increased level
of detail regarding signaling potential at the single-cell level, regardless of the tissue of
derivation, provides a new backdrop for drug discovery, discussed below.

Deep Proteomic Profiling of the Human Immune System
The first deep proteomic study evaluated signaling responses in specific immune cell subsets
within the hematopoietic continuum [24]. Two panels each comprising 31 metal polymer-
conjugated antibodies were assembled. The first “phenotypic panel” was designed to
measure surface molecules expressed on immune cell subsets, and successfully identified
known and distinct immune cell subsets, including B, T, NK-cells and monocytes. However,
transitional cells were also seen, not previously captured in prior studies but that are
consistent with an immune continuum rather than abrupt conversions to distinct
differentiation stages. The second panel maintained 13 surface marker antibodies from the
first panel but had an additional 18 intracellular signaling molecules representing the
activation status for a number of pathways. Human bone marrow was treated with twenty
extracellular modulators including growth factors, cytokines, chemokines and three small
molecule kinase inhibitors (dasatinib, Jak1 inhibitor and the U0126 Mek inhibitor). Thus,
Ras/Raf/Erk, NF-kB, p38/MAPKAPK2, STATs 1, 3 and 5, CREB and BCR signaling were
all included and measured simultaneously [24]. Using spanning tree progression analysis of
density-normalized events (SPADE, discussed in more depth below) signaling responses
were seen within tight population boundaries as well as across multiple immune cell types.
This systems-level view is the first in a series of studies to generate a human immune
reference map as a resource for therapeutic and vaccine studies (Unpublished Z. Bjornson,
G. Fragiadakis, M. Spitzer, M. Davis, G.P. Nolan).

This foundational study also demonstrated a paradigm for multi-dimensional analysis of
complex primary tissues, namely establishing a phenotypic hierarchy using surface markers
and then selecting a subset of surface marker antibodies to combine with antibodies that
measure activated intracellular signaling molecules. Since then, many additional antibody
panels have been optimized to interrogate a broad variety of cellular functions including:
EGFR signaling, epithelial-mesenchymal transition, the Wnt pathway, apoptosis, survival,
proliferation, DNA damage response, cell cycle, metabolism, embryonic stem cells and
induced pluripotent stem cells. As will be discussed below, the value of this technology
platform is in its ability to measure multiple cellular functions, which will be invaluable for
drug development programs. However, it is first necessary to have the tools to analyze high
dimensional data.

Analyzing High-Dimensional Mass Cytometry Data
Although mass and fluorescence-based flow cytometry use entirely different
instrumentation, the data from both platforms provide equivalent information [24, 37]).
However, there are several notable differences in the data. In fluorescence cytometry,
significant background signals arise from spectral overlap and auto-fluorescence, the natural
fluorescence of cellular structures. In mass cytometry, because “auto-mass” does not exist,
there is minimal background and consequently less spread around zero. Nonetheless, in both
cases, a transformation such as the inverse hyperbolic sine function is typically applied to
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compress values around zero, resulting in a more coherent negative population (one that
lacks a marker of interest). However, the standard transformation used with mass cytometry
data does not compress the data as strongly as standard transformations for fluorescence
data, resulting in data that is truer to the measured signal (Figure S2 in [24]).

We and others have adapted a variety of algorithms to the analysis of high-dimensional,
single-cell mass cytometry data. One obvious choice for processing large datasets is
automated clustering, the grouping of similar cells, which has been applied extensively to
microarray data [84, 85]. One of the first algorithms developed to analyze mass cytometry
data was spanning tree progression analysis of density-normalized events (SPADE) [24, 86,
87]. It uses hierarchical, agglomerative clustering after performing density-dependent
downsampling in an effort to preserve rare cell types that would otherwise be drowned out
by far more frequent cell types. The resulting clusters can be placed into a minimum-
spanning tree [24], or into a more highly connected graph with a force-directed layout (E.
Zunder and G.P. Nolan, manuscript in preparation).

Automatic determination of known, biologically relevant clusters is still a difficult problem
in flow cytometry data analysis because it is difficult to determine the edge of where one
cell population begins in the other ends. This is an especially difficult problem when one
considers transitions and progressions – were cells dynamically exist along a framework of
cell states. On one end, under-segmentation results in clusters containing multiple cell types
whereas on the other end, over-segmentation needlessly divides homogenous cell types. In a
new approach, over-segmentation of cell subsets and their subsequent merging by affinity
propagation resulted in larger, biologically relevant cell subpopulations (Frey, Dueck et al.
2007; Chen, Clutter et al., in preparation). This technique works especially well for
analyzing continuous progressions of cells, such as the cell cycle, where manual
demarcation of cell subsets is difficult.

Summary and Conclusions
Reiterating a central theme of this essay we have discussed how mass cytometry can be
applied to generate single-cell network reference maps for humans and model organisms
such as non-human primate and murine immune systems. While it is clear that a far greater
understanding of animal models than presently exists is urgently needed, they can never act
as perfect surrogates for humans. Although mass cytometry, as it stands with panels of 45
parameters in routine use, provides a level of detail about protein function not previously
possible, further improvements are needed. These include increased sensitivity of antibody
tags, changes in the instrumentation to increase sample flow rate and reduce sample loss as
well as new computational tools. Regardless, multi-dimensional, single-cell mass cytometry
is currently positioned to have dramatic consequences on drug development and therapeutic
programs for multiple indications ranging from pathogen infection, vaccine development,
cancer and potentially will be extendable to other inflammatory conditions such heart
failure, stroke, diabetes and obesity, and surgical trauma.
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Research Highlights

• 40 quantitative protein or mRNA measures per cell enabled by mass cytometry

• Isotope based cell labeling replaces fluorophores

• Deep functional cell profiling and functional network states
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Figure 1. Mass cytometry enables high-dimensional analysis of diseases and therapies
Diseases including cancers and infections perturb cellular signaling. Mass cytometry
provides a readout for up to 52 simultaneous measurements, both of those disease-induced
perturbations and importantly of counter-perturbations induced by candidate therapeutics.
Furthermore, the simultaneous inclusion of cell phenotype and cell cycle provide a more
detailed picture than possible before. After cells are stained with antibodies and other
metallic assay reagents, they are introduced into the mass cytometer as a stream of single
cells, then atomized and ionized as they pass through the inductively coupled plasma (ICP)
torch. Low-mass elements (including carbon and nitrogen) are filtered out by a radio
frequency quadrupole before entering the time-of-flight (TOF) detector. A high-speed,
online analysis system produces data equivalent to that of traditional fluorescence-based
cytometry.
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Figure 2. A large number of metals are available for a variety of measurements
The lanthanides provide 37 stable isotopes for measuring antigen-bound antibodies, MHC
tetramers and nucleic acid probes with high sensitivity. Indium provides two additional low-
sensitivity channels for highly expressed markers, and quantum dots provide one additional
channel (cadmium). Rhodium and iridium, as DNA intercalators, register a cell event.
Platinum, in the form of cisplatin:sulfur complexes, is used as a viability marker. Iodine, as
iodo-deoxyuridine, is used for cell cycle measurements. Six palladium isotopes allow for
mass tag “barcoding” and multiplexed measurement of samples.
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