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mass cytometry enables high-dimensional, single-cell analysis of 
cell type and state. in mass cytometry, rare earth metals are used 
as reporters on antibodies. Analysis of metal abundances using 
the mass cytometer allows determination of marker expression 
in individual cells. mass cytometry has previously been applied 
only to cell suspensions. to gain spatial information, we have 
coupled immunohistochemical and immunocytochemical methods 
with high-resolution laser ablation to cytoF mass cytometry. 
this approach enables the simultaneous imaging of 32 proteins 
and protein modifications at subcellular resolution; with the 
availability of additional isotopes, measurement of over 100 
markers will be possible. We applied imaging mass cytometry 
to human breast cancer samples, allowing delineation of cell 
subpopulations and cell-cell interactions and highlighting tumor 
heterogeneity. imaging mass cytometry complements existing 
imaging approaches. it will enable basic studies of tissue 
heterogeneity and function and support the transition of medicine 
toward individualized molecularly targeted diagnosis and therapies.

Tissues are complicated assemblies of multiple interacting cell 
types that communicate with each other to achieve physiological 
states. Many tools used to study tissues are based on imaging1. 
Fluorescent dyes coupled to affinity binders such as antibodies 
are common reporters, typically visualized by immunofluores-
cence microscopy (IFM)2. IFM enables analysis of most pro-
teins and protein modifications down to nanometer resolution3. 
Genetically encoded fluorescent reporters, such as GFP, can also 
be analyzed in live cells4. When bound to DNA probes, RNA 
and DNA sequences can be imaged through FISH5. There are 
challenges common to all fluorescence-based approaches: sample 
autofluorescence affects the detection and quantitation of mark-
ers6. Furthermore, broad absorption and emission spectra practi-
cally limit the dynamic range and the number of molecules that 
can be simultaneously imaged to 7 (ref. 7). Multiplexing strategies 
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that rely on cycles of antibody staining, imaging, and fluorophore 
bleaching or antibody removal partially address this challenge8–10, 
but cycles can be incomplete, can change the antigenicity of the 
target specimen and are time consuming8–10.

Other imaging techniques to study tissues are used in life  
science research. Electron microscopy alone or coupled with 
fluorescence imaging allows analysis of cell morphological  
features and markers at picometer resolution11,12, but this is lim-
ited to a few markers. Matrix-assisted laser desorption/ionization 
(MALDI) imaging can visualize thousands of analytes—including 
proteins, lipids, metabolites and drugs—in an untargeted manner, 
typically with a resolution between 5 and 200 µm but as low as 
1 µm (refs. 13–15). Whereas photocleavable mass tags bound to 
antibodies can be analyzed by MALDI imaging, multiplexing is 
currently limited by a lack of mass tags16. Metal distributions in 
tissues have been imaged by secondary-ion mass spectrometry 
(SIMS) at a resolution of 50 nm (refs. 17–19), but currently only 
seven isotopes can be imaged simultaneously by the dynamic SIMS 
required for trace-element analysis; and matrix effects, instru-
ment costs and sampling under vacuum prevent routine appli-
cations17,18. Metal distributions in tissues at a spatial resolution 
of 5–200 µm can be visualized at atmospheric pressure by laser 
ablation coupled to inductively coupled plasma mass spectrom-
etry (LA-ICP-MS)17,19,20. The spatial resolution of LA-ICP-MS is 
limited by only the laser spot size and analyte detection limit17,20, 
and it has been applied in two- and three-parameter immuno-
histochemistry (IHC) approaches21,22. For higher-multiplexed 
applications at subcellular resolution, the simultaneous isotope 
detection, analysis speed and sensitivity must be improved.

Mass cytometry uses a time-of-flight ICP-MS instrument 
(CyTOF system (Fluidigm, formerly DVS Sciences)) that can 
detect dozens of markers simultaneously at a high mass-spectrum  
acquisition frequency on the timescale of high-frequency laser 
ablation23. It measures the abundance of metal isotopes tagged to 
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antibodies, and amplification is achieved 
by a polymeric metal-chelating reagent 
or metal nanoparticles23,24. Because of 
these features, mass cytometry could 
be adapted to meet the sensitivity and 
multiplexing needs for tissue analysis 
at subcellular resolution23. Previously, 
mass cytometry has been used only to  
analyze cells in suspension, and informa-
tion on cell-cell interactions within tissue 
or tumor microenvironments has therefore 
been lost25–30. Here we describe imaging  
mass cytometry—an approach that  
combines CyTOF mass cytometry with 
immunocytochemistry (ICC) and IHC techniques, a high- 
resolution laser ablation system and a low-dispersion laser  
ablation chamber—to image 32 proteins and their modifications 
simultaneously at a cellular resolution of 1 µm (ref. 31).

Applying this approach, we analyzed human formalin-fixed, 
paraffin-embedded (FFPE) breast cancer samples and human 
mammary epithelial (HMLE) cells32. Analysis across cell states 
revealed substantial tumor microenvironment heterogeneity. 
Imaging mass cytometry can be combined with other imaging 
techniques and has the potential to influence both biological 
research and clinical management.

results
imaging mass cytometry
We introduce here an imaging technique that extends the 
multiplexed analysis capabilities of CyTOF-based mass  
cytometry23,27,30 to make spatially resolved measurements. We 
developed a workflow to couple mass cytometry, ICC and IHC 
analyses with a high-resolution laser ablation system to allow anal-
ysis of adherent cells and tissue sections with cellular resolution 
of 1 µm (Fig. 1). In the first step, the cell sample or tissue section 

was prepared for antibody labeling using routine ICC and IHC 
protocols (Online Methods). Antibodies were selected to target  
proteins and protein modifications relevant to breast cancer. Before 
staining, antibodies were tagged with a unique rare-earth-metal 
isotope of defined atomic mass. Currently, 32 rare-earth-metal  
isotopes are available as reporters. After air drying, the sample 
was positioned in a laser ablation chamber recently developed to 
minimize aerosol dispersion for high-resolution, high-throughput  
and highly sensitive analyses31. The tissue was then ablated  
spot by spot and line by line, and the ablated material was then 
transported by a mixed argon and helium stream to the CyTOF 
mass cytometer.

As determined from the data sets presented in this study,  
the signals of individual laser shots at 20 Hz were fully separated 
(Supplementary Fig. 1), and the limit of detection was approxi-
mately six ion counts (corresponding to ~500 molecules), assuming  
Poisson statistics (Online Methods). After data preprocessing,  
the 32 transient, single isotope signals were plotted using the  
coordinates of each single laser shot, and a high-dimensional 
image of the sample was generated by overlaying all analyzed 
measurement channels. Next, single-cell features were computa-
tionally segmented using a watershed algorithm, and the single-
cell marker expression data were extracted (Online Methods). 
These single-cell data were used for all downstream data analyses 
and to investigate cell subpopulations within a set of 21 tumor and 
normal samples in total from 20 breast cancer patients.

Validity of the approach
To evaluate the validity of imaging mass cytometry for IHC, we 
first performed experiments using FFPE breast cancer samples 
to ensure that metal labeling of the antibodies did not interfere 
with their target specificity. We compared unlabeled and metal-
labeled antibodies using IFM analysis on serial sections of tissues 
no. 210 and no. 37, which are from tumors of the same type (Fig. 
2a and Supplementary Fig. 2). We observed no apparent change 
in antibody specificity due to the metal labeling. Quantitative 

CyTOF mass
cytometer

UV
laser

Signal extraction of
32 measured  markers

Tissue or cell-line
preprocessing

Marker staining with
metal-labeled antibodies

Laser ablation coupled 
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Downstream data analysis Single-cell segmentation Data preprocessing
and image assembly

× 4

Figure 1 | Workflow of imaging mass cytometry.
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Figure 2 | Validation of imaging mass cytometry. (a) IFM on serial breast 
cancer tissue sections of the luminal HER2+ subtype (case no. 37) using 
unlabeled and metal-labeled antibodies recognizing the indicated markers. 
(b) IFM and CyTOF imaging mass cytometry on breast cancer tissue 
sections of the luminal HER2+ subtype (case nos. 210, 23 and 37) using 
metal-labeled antibodies recognizing the indicated markers. E-cadherin 
(E-Cad) and vimentin (Vim) were not analyzed on serial sections.  
Both Hoechst 33258 in IFM images and H3 in all images are shown in  
cyan (c). r, red; y, yellow; CK8/18, cytokeratin 8/18. Scale bars, 25 µm.
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analysis showed that the differences of the 
mean single-cell fluorescence intensity 
of each marker between unlabeled and 
metal-labeled antibodies, although signifi-
cant, were small: −7% for histone H3 (H3;  
P < 4.7 × 10−8), 7% for epidermal 
growth factor receptor 2 (HER2; P < 
1.0 × 10−12), 27% for cytokeratin 8/18 
(P < 3.7 × 10−3), 7% for E-cadherin 
(P < 2.5 × 10−11), −2% for vimentin (P < 4.2 × 10−2) and 22% 
for cytokeratin 7 (P < 5.8 × 10−36) (Supplementary Fig. 3).  
These differences are well within the range of the variability typi-
cally observed in experimental procedures and among serial tissue 
sections that are similar but not identical. The similarity between 
unlabeled and metal-labeled antibodies was further confirmed by 
the congruency of the single-cell marker fluorescence intensity 
distributions over the analyzed intensity range for all tested anti-
body pairs23,27,30 (Supplementary Fig. 3).

We then investigated whether images generated by mass cyto-
metry reproduced the staining patterns and the percentage of cells 
expressing a given marker as determined by IFM. We used IFM 
and imaging mass cytometry on tumor sections (no. 210 and no. 
23) from the same luminal HER2+ subtype each; both methods 

gave antibody staining patterns expected for this subtype (Fig. 2b,  
Supplementary Fig. 4 and Supplementary Tables 1 and 2). 
Markers we typically observed in the nuclei were H3, which is a 
nucleosomal DNA packaging protein (Fig. 2b), and progesterone 
receptor (PR), a transcription factor activated in luminal breast 
cancer (Supplementary Fig. 4). We typically observed HER2, 
an epidermal growth factor receptor family member, as well as 
cytokeratin 8/18 and the epithelial cell-cell junction component 
E-cadherin, in the plasma membrane. The presence of vimentin 
indicated the stromal compartment. These patterns are in agree-
ment with antibody validation by others (Supplementary Note 1).  
The percentages of tumor cells expressing the analyzed markers 
were similar in IFM and imaging mass cytometry on serial tissue 
sections (Fig. 2b): 100% and 100% for H3, respectively; 75% and 
79% for HER2; and 63% and 66% for cytokeratin 8/18. Full-size 
mass cytometry images of further markers are shown (Fig. 3 and 
Supplementary Fig. 5).

We also assessed whether single-plex IHC, duplex IFM and  
32-plex imaging mass cytometry analysis yielded congruent 
results. Single-plex IHC analysis using identical antibodies 
(cytokeratin 8/18 and H3) or using different antibody clones but 

a

b

c

d

e

f

Figure 3 | Representative mass cytometry 
images of luminal HER2+ breast cancer tissue 
samples. Case nos. 210 (a–c) and 23 (d–f) 
are shown. For both tissues, a total of 32 
proteins and phosphorylation sites were 
measured simultaneously at 1-µm resolution 
(supplementary tables 1 and 2). (a) Overlay of 
cytokeratin 8/18 (red), H3 (cyan) and vimentin 
(yellow). (b) Overlay of cytokeratin 7 (red), 
H3 (cyan) and CD44 (yellow). (c) Overlay of 
pan-actin (red), progesterone receptor (blue) 
and CD68 (yellow). (d) Overlay of HER2 (red), 
H3 (cyan) and vimentin (yellow). (e) Overlay 
of E-cadherin (red), cytokeratin 7 (yellow) 
and phosphorylation on S235/S236 on S6 
(blue). (f) Overlay of β-catenin (red), estrogen 
receptor (blue) and CD68 (yellow). Scale bars, 
25 µm. For each unique tissue section, the 
measurement was performed once due to the 
destructive nature of imaging mass cytometry. 
23 tissues sections in total were imaged for  
this manuscript.
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Figure 4 | Analysis of adherent cells by IFM and imaging mass cytometry. 
The micrographs show human mammary epithelial cells labeled and imaged 
as indicated with antibodies recognizing a panel of phosphorylated 
residues, without (‘control’) and with (‘stimulated’) a 30-min treatment 
with the tyrosine phosphatase inhibitor vanadate. Scale bars, 25 µm. 
Exposure was kept constant for each control-stimulated comparison but 
not between different antibodies. Note that primary- and secondary-
antibody detection were used for imaging mass cytometry and IFM, 
respectively. The latter will increase the sensitivity of the detection.
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against the same target (HER2 and PR) in 
the same luminal HER2+ tumor (no. 210), 
yielded similar staining patterns. For both 
IHC and imaging mass cytometry >90% of 
the epithelial cells expressed these markers 
(Supplementary Fig. 6). In addition, the 
antibodies measured in duplex in the IFM 
analysis described in the previous para-
graph showed comparable properties in 
terms of spatial distribution and the per-
centages of tumor cells expressing a given analyzed marker to those 
in the 32-plexed CyTOF analysis (Fig. 2b and Supplementary 
Fig. 4). Together, these results indicate that multiplexing did not 
lead to observable changes in antibody behavior.

Finally, we determined whether imaging mass cytometry  
could be used to evaluate an adherent cell line in an ICC  
protocol. Analysis of 28 markers by imaging mass cytometry 
(Supplementary Table 3) of mock-treated and phosphotyro-
sine phosphatase inhibitor–treated HMLE cells revealed the 
expected signaling responses. We observed increased phospho-
rylation on Y759 on PLCγ2, T202 and Y204 on ERK1 (T184 
and Y186 on ERK2), T180 and Y182 on p38, S28 on H3 and 
Y694 on STAT5 in stimulated cells (Fig. 4 and Supplementary 
Fig. 7); these results were consistent with data from an IFM 
analysis of similarly treated and prepared HMLE cells (Fig. 4  
and Supplementary Fig. 7). For other non-tyrosine phos-
phorylation sites, including on S235 and S236 on S6, S529 
on NF-κB, S9 on GSK3 and T172 on AMPK, no induction  
was observed. Other markers such as p53 were detected in both 
control and stimulated samples (Supplementary Fig. 7).

These results show that imaging mass cytometry enables  
simultaneous and highly multiplexed tissue and adherent cell 
imaging with subcellular resolution. There were no apparent  
changes in specificity and performance between unlabeled  
and metal-labeled antibodies, nor between antibodies used in 
single-plex IHC, duplex IFM and multiplex analyses using imag-
ing mass cytometry.

Analysis of tumor heterogeneity in breast cancer
In breast cancer, the expression of HER2, estrogen receptor  
(ER) and PR are used to define the main subtypes, including  
luminal HER2–, luminal HER2+, HER2+ and triple negative33,34. 
We set out to (i) delineate cell subpopulation phenotypes using 
our multiplexed measurements and (ii) evaluate whether we  
could detect previously observed breast cancer heterogeneity 
within and between those subtypes using imaging mass cytom-
etry25,26,29,35. Using 32-plex imaging mass cytometry, we analyzed 
21 FFPE samples on a tissue microarray (TMA) that had been 
previously classified by a pathologist into the main breast cancer 
subtypes or as normal33,34 (Online Methods and Supplementary 
Table 4). We identified cell subpopulations and cell transitions 
using spanning-tree progression analysis of density-normalized  
events (SPADE)36 (Fig. 5a; example images for each marker  
defining a subpopulation are in Supplementary Fig. 8, and  
all SPADE trees are in Supplementary Data). The SPADE  
tree reflects stromal cell subpopulations expressing vimentin, 
epithelial tumor cell subpopulations expressing a wide range  
of markers, and CD20+ immune cells (Fig. 5a,b). Levels of  
HER2 (Fig. 5a,c–i), vimentin, PR, ER, β-catenin, carbonic  
anhydrase (CAH) IX, E-cadherin, c-MYC and others varied  
considerably (Fig. 5a). Clear differences in expression were  
visible even within the same tumor, in particular for cytokeratin 
8/18, cytokeratin 7, HER2 and E-cadherin staining (Fig. 3). The 
identified cell subpopulations also partly reflected the expected 
breast cancer subtypes, as branches were driven by markers used 
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Figure 5 | Imaging mass cytometry analysis  
of tumor heterogeneity. 21 samples from  
20 breast cancer patients were analyzed.  
(a) The SPADE tree identifies overlapping  
cell populations with the indicated marker 
patterns. Light gray areas contain cells  
with low marker expression in all channels.  
(b) Cluster tree showing the CD20 side 
population for tumor case no. 201. (c–g) HER2+ 
cell subpopulations by breast cancer subtype 
reflect the underlying heterogeneity of these 
cells: case nos. 359 (c), 254 (d), 210 (e),  
199 (f) and 201 (g) are shown. (h,i) Cluster 
trees showing the cell subpopulations of a 
HER2+ (case no. 294; h) and luminal HER2+ 
sample (case no. 276; i). The colors indicate 
the expression level of indicated marker, 
and the size of the node corresponds to the 
percentage of cells from a given patient that 
fell within a cell cluster. Vim, vimentin; E-Cad, 
E-cadherin; CK8/18, cytokeratin 8/18; CK7, 
cytokeratin 7; β-Cat, β-catenin; ER, estrogen 
receptor; CAH IX, carbonic anhydrase IX; PR, 
progesterone receptor; med, medium.
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for patient classification: for example, HER2+ and luminal HER2+ 
(Fig. 5e,f,h,i and Supplementary Note 2).

Seven samples were classified as either HER2+ or luminal 
HER2+ (refs. 33,34). These samples populated the HER2-positive 
branches in the SPADE tree, but there were also unique subpopu-
lations differing in cytokeratin 8/18, E-cadherin, β-catenin and c-
MYC expression (Fig. 5a); see, for example, luminal HER2+ tumor 
no. 210 (Fig. 5e), which overexpressed c-MYC (Supplementary 
Fig. 9). These differences within the same breast cancer subtype 
indicate interpatient tumor heterogeneity (Fig. 5e,f,h,i). Although 
patient classification by imaging mass cytometry largely agreed 
with the surgical pathologist’s independent assessment, there were 
exceptions. For example, in one triple-negative case (no. 162),  
detectable levels of HER2 were expressed (Supplementary 
Fig. 10a), which could be subsequently confirmed by IHC 
(Supplementary Fig. 10b).

The samples differed in the expression of other markers  
as well, including CAH IX, a reporter of hypoxia. For two  
cases, a local tumor recurrence (no. 260) and a triple-negative 
case (no. 201), the SPADE analysis displayed cellular transi-
tions (Fig. 5a and Supplementary Fig. 11a); CAH IX gradients  
were visible with the concentration increasing toward the  
tumor core37 (Supplementary Fig. 11b,c). The SPADE tree  
also revealed stromal cells with high levels of phosphoryla-
tion of S235 and S236 on S6 (Fig. 5a). These cells were some-
times close to or at the boundary between tumor and stromal 
cells (Supplementary Fig. 12), a result indicating that signaling  
activity of stromal cells may be induced at the tumor boundary 
by other cell types26.

These data demonstrate that mass cytometry enables simultane-
ous imaging of cell-type markers, signaling activity and hallmarks 
of cancer, such as hypoxia. Taken together, these analyses deline-
ated breast cancer cell subpopulations present in the analyzed 
FFPE samples, identified their spatial arrangement, and revealed 
differences within the same patient and among patients with the 
same tumor classification.

discussion
Imaging mass cytometry exploits the multiparameter capabilities 
of the CyTOF mass cytometer for the simultaneous, rapid and 
spatially resolved analysis of 32 proteins and their modifications 
with subcellular resolution. Here we showed the validity of the 
technology and then analyzed adherent cells and breast cancer 
and normal breast tissue from 20 patients. Metal labeling of the 
antibodies did not destroy or apparently change antigen specifi-
city. Multiplexed imaging mass cytometry also reproduced the 
staining patterns obtained with single-plex IHC and duplex IFM. 
Therefore, antibodies validated for IHC will likely be applicable 
for imaging mass cytometry.

A number of characteristics make imaging mass cytometry 
highly quantitative: there is no sample autofluorescence, there 
are no matrix effects as found in MALDI and SIMS imag-
ing15, there is no need for an amplification step such as is 
often applied in IHC, the tissue is completely sampled and 
the approach has a wide dynamic range of ~105. Appropriate 
standards will enable the absolute quantification of cellular 
markers and, therefore, determination of accurate thresholds 
to define a patient’s state. Antibodies, however, continue to 

pose a limitation: often antibodies are not available for a given 
target or in the format needed for mass cytometry, and those 
that work well in single-plex assays may behave differently in 
multiplex assays.

The sample preparation necessary for imaging mass cytometry 
is identical to that for ICC and IHC analyses: this will enable 
(i) fast implementation of imaging mass cytometry on the now 
broadly available CyTOF instruments; (ii) adaptation to imag-
ing mass cytometry of existing assays to evaluate the genome, 
the transcriptome and other cellular parameters to increase the 
information gained from a tissue; and (iii) analysis of samples 
with other methods before imaging mass cytometry. Alternatively, 
serial tissue sections can be analyzed by imaging mass cytom-
etry and by any other approach. MALDI imaging would be an 
ideal complementary approach, as MALDI monitors thousands 
of analytes in an untargeted and semistochastic manner13–15. The 
cell states defined by mass cytometry could then be registered 
with the MALDI imaging data to provide an ‘omic systems-level 
analysis of samples.

At present, 32 rare-earth-metal isotopes are available for anti-
body labeling, but with the current system, over 100 markers can 
be detected simultaneously23. Increased isotope availability and 
novel metal-chelating chemistries will make such measurements 
possible soon. To measure an area of 0.5 mm × 0.5 mm at 1-µm 
resolution takes ~3.5 h. Novel laser ablation chamber designs 
under development are expected to provide for several-fold-
higher scanning speeds and throughput. Reduction of aerosol 
dispersion, use of multiple antibody clones against a target, and 
an increase in the number of metal atoms bound to each antibody 
through the use of metal nanoparticles will substantially boost 
sensitivity. We expect that quantitative analysis on ~100 markers 
on a given tissue with submicrometer resolution in less than 1 h 
will be possible in the future.

Our SPADE analysis highlights intra- and interpatient hetero-
geneity by delineating the subpopulations present in the breast 
cancer samples25,26,29. However, imaging mass cytometry yields 
information about only the tumor region imaged, and different 
cell subpopulations can exist in different regions of a tumor38. 
Multiple regions, such as the invasive front, center and periphery, 
must therefore be imaged. Furthermore, as imaging approaches 
provide only a single snapshot of tumor development, multiple 
images over time may be necessary to reveal relevant phenotypes. 
Owing to the detection limit of imaging mass cytometry, small 
abundance differences at the detection threshold can artificially 
increase the observed tumor heterogeneity; similar effects are 
caused by incorrect tissue cell segmentation (Supplementary 
Note 3). Finally, for tumor biology to be understood, the increase 
in data complexity should be accompanied by orthogonal data 
sets, novel algorithms, and experiments tailored to address a  
specific biological question.

Using the multiplexing capability of imaging mass cytometry 
will enable deep studies of tissue and tumor biology. We envision  
that spatial relationships of complex cell states that include  
several layers of ‘omics information, cell-cell interactions and 
communication, transcellular networks and mathematical models  
of cellular assemblies might become new ‘biomarkers’ and  
paradigms in a systems biology approach to understand and  
diagnose disease and to guide treatment.
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methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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online methods
Data and software availability. All raw data, image source 
data, cell segmentation masks, algorithms and software 
(Supplementary Software) for data processing and SPADE trees 
(Supplementary Data) are available at http://www.cytobank.
org/bodenmillerlab/.

Patients and specimen characteristics. TMAs contained FFPE 
breast cancer tissues of the major subtypes and normal breast tis-
sues, and were previously described39. For this study, all tumors 
analyzed by imaging mass cytometry were reevaluated by two 
experienced clinical pathologists (J.P. Theurillat and Z.V.) by 
H&E to identify representative areas. Tumor stage and Bloom-
Richardson-Elston (BRE) grade were assigned according to the 
Union for International Cancer Control (UICC) and World 
Health Organization (WHO) criteria. Classification of breast can-
cer subtypes was based on IHC expression patterns of ER, PR and 
HER2. HER2 status was assessed by HER2 IHC and HER2 FISH1 
(Supplementary Table 4). The study was approved by the ethical  
committee of the Canton Zurich (KEK-ZH-no.: 2012-0553). 
According to the Swiss Federal Law for research, a positive vote 
of an ethical committee in a retrospective study is sufficient for 
using tissue for research purposes without further need of indi-
vidual informed consents for the samples.

Antibodies. Metal-labeled antibodies were prepared according to 
the Fluidigm (formerly DVS Sciences) protocol. Antibodies were 
obtained in carrier/protein-free buffer and then prepared using 
the MaxPar antibody conjugation kit (Fluidigm (formerly DVS 
Sciences))24. After we determined the percent yield by measure-
ment of absorbance at 280 nm, the metal-labeled antibodies were 
diluted in Candor PBS Antibody Stabilization solution (Candor 
Bioscience) for long-term storage at 4 °C. Antibodies used in this 
study are listed in Supplementary Tables 1–3, 5 and 6.

Preparation of HMLE cells for imaging mass cytometry. HMLE 
cells were obtained from the Weinberg lab (Whitehead Institute 
for Biomedical research) and tested for mycoplasma contamina-
tion. Cells were cultured in HuMEC Ready Medium (Gibco) at 
37 °C with 5% CO2 as described32. For IFM imaging, cells were 
grown to ~80% confluency on glass coverslips and were either 
mock treated or treated with 125 µM vanadate for 30 min at  
37 °C. Cells were prepared for imaging mass cytometry and  
IFM using a standard ICC protocol40. The antibodies are listed  
in Supplementary Table 3.

Preparation of breast cancer tissue sections for IHC, IFM and 
imaging mass cytometry analyses. All classical IHC stains of the 
TMA used in this study were conducted on a Ventana Benchmark 
XT using Ventana prediluted antibodies, and standard protocols 
(cc1m for HER2, clone 3B5; cc1 standard for PR, clone 1E2). The 
stainings for anti-cytokeratin 8/18 and anti-H3 (Supplementary 
Fig. 6) were performed manually: the tissue section was de-waxed 
overnight in xylene and rehydrated in a graded series of alcohol 
(ethanol absolute, ethanol:deionized water 90:10, 80:20, 70:30, 
50:50, 0:100; 10 min each6). Heat-induced epitope retrieval was 
conducted in a water bath at 92–94 °C in Tris-EDTA buffer at 
pH 9 for 20 min. After immediate cooling, the TMA was blocked  
with 3% BSA in TBS for 45 min. TMA samples were incubated 

overnight at 4 °C with a final concentration of 7.5 µg/mL of  
primary antibody (diluted in TBS/0.1% Triton X-100/1% BSWA). 
Samples were then washed with 2× TBS/0.1% Triton X-100 and 
2× TBS. The secondary-antibody staining for cytokeratin 8/18 
and H3 was performed with the EnVision Detection Systems 
Peroxidase/DAB, Rabbit/Mouse Kit (Dako) following the 
manufacturer’s protocol. For immunofluorescence (Fig. 2 and 
Supplementary Figs. 2–4), secondary antibodies Alexa Fluor 647 
goat anti-mouse and Alexa Fluor 488 goat anti-rabbit were used 
at a final concentration of 2 µg/mL for a 1-h incubation at room 
temperature. After a wash with 2× TBS/0.1% Triton X-100 and 2× 
TBS, a 3-min staining with Hoechst 33258 (2 µg/mL in PBS) was 
performed. After a final wash step with 2× TBS/0.1% Triton X-
100 and 2× TBS, IFM was performed. Samples were imaged with 
a Zeiss Axio Observer.Z1 (camera, AxioCam MRm; objective, 
Ec Plan-Neofluar 40× / 0.75 Ph2; filter sets, 02 (DAPI), 38 (Alexa 
Fluor 488) and 50 (Alexa Fluor 647)). Images were acquired using 
AxioVision software (AxioVision Rel 4.8), and the acquisition was 
performed on the same day to prevent differences due to emis-
sion changes of the light sources. In addition, exposure times for 
a given marker were kept constant for the comparative analysis 
of each antibody. Images were processed using ImageJ software 
(ImageJ 1.440). Serial samples were imaged with a Zeiss Mirax 
Midi Slide Scanner (camera, AxioCam monochrome CCD; objec-
tive, 20× (dry, NA = 0.8); filter, DAPI, eGFT, mPlum and Cy5). 
Images were acquired using Mirax Scan 1.12.

Tissue no. 23 and FFPE breast cancer TMAs and corresponding  
healthy tissue were sectioned at a 5-µm thickness for imaging mass 
cytometry. Sections were de-waxed and rehydrated as described 
above. Heat-induced epitope retrieval was conducted in a water 
bath at 88 °C in Tris-EDTA buffer at pH 9 for 20 min. After imme-
diate cooling, the TMA was blocked with 1% BSA in PBS/0.1% 
Triton X-100 for 30 min. For staining, TMA samples were incubated 
overnight at 4 °C with an antibody master mix (Supplementary 
Tables 1, 5 and 6). Samples were then washed five times with 
PBS/0.1% Triton X-100. For the TMA core no. 210 shown in 
Figures 2b and 3 and Supplementary Figure 5, the following 
protocol was used: heat-induced epitope retrieval at 92–94 °C  
in Tris-EDTA buffer at pH 9 for 20 min. After immediate cooling, 
the TMA section was blocked with 3% BSA in TBS/0.1% Triton 
X-100 for 45 min. TMA samples were incubated overnight at 4 °C 
with an antibody master mix (Supplementary Table 2) containing  
all antibodies except for anti-pSHP2, anti-CD31, anti-TWIST, 
anti-CD3, anti-SLUG, and anti-EGFR. After a wash step with  
2× TBS/0.1% Triton X-100 and 2× TBS, those antibodies were 
added, and samples were incubated 2.5 h at room temperature 
and then 1 h at 4 °C. After being washed, samples were dried at 
room temperature before imaging mass cytometry.

IFM analysis of adherent cell line. Cell samples were cross-linked 
with 4% paraformaldehyde for 20 min and permeabilized using 
0.1% Triton X-100 for 3 min, at room temperature. After a 30-min 
blocking step with 0.5% BSA in PBS, cell samples were incubated 
with the primary antibodies for 1.5 h and subsequently incubated  
for 1 h at room temperature with appropriate fluorophore- 
conjugated secondary antibodies (Alexa Fluor 488 and Alexa Fluor 
647). Metal-labeled antibodies were diluted in buffer containing 
1% BSA and 0.3% Triton X-100 in PBS (Supplementary Table 3).  
Samples were imaged with a Zeiss Axio Observer.Z1 (camera, 
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AxioCam MRm; objective, Ec Plan-Neofluar 40× / 0.75 Ph2; filter 
sets, 02 (DAPI), 38 (Alexa Fluor 488) and 50 (Alexa Fluor 647)). 
Images were acquired using AxioVision software (AxioVision 
Rel 4.8), and the acquisition was performed on the same day to 
prevent differences due to emission changes of the light sources. 
In addition, exposure times for a given marker were kept con-
stant for the comparative analysis of each antibody. Images were 
processed using ImageJ software (ImageJ 1.440). Identical settings 
were applied for processing images of mock and vanadate-treated 
samples for a given molecular marker (Fig. 4 and Supplementary 
Fig. 7). Settings were defined by minimum and maximum values 
modified using a brightness/contrast tool.

High–spatial resolution laser ablation. Tissue sections were ana-
lyzed by imaging mass cytometry, which couples laser ablation 
techniques and CyTOF mass spectrometry23. A modified ArF 
excimer GeoLas C laser system (Coherent) delivered a homog-
enized UV laser beam (λ = 193 nm) to an aperture of 25 µm, 
which was imaged by 25-fold demagnification on the tissue sam-
ples. The resulting laser beam of 1 µm in diameter and 3.5 J/cm2 
laser fluence was used to ablate the antibody-stained tissue at  
a frequency of 20 Hz. The resulting laser ablation crater of the  
tissue was ~1 µm in diameter (as determined by scanning  
electron microscopy)31. The translation speed of the laser  
ablation chamber was 20 µm/s. Individual line scans with 1-µm 
distance were rastered in order to fully remove the tissue layer 
within the region of interest. The laser ablation chamber used to 
enable high–spatial resolution, high-sensitivity imaging on the 
laser ablation system is described in detail by Wang et al.31. The 
ablated sample aerosol was directly transported to the CyTOF 
mass cytometer (Fluidigm (formerly DVS Sciences)) by argon and 
helium gas flows. The CyTOF instrument settings were described 
previously27,30. The CyTOF software version used was 5.1.598.

Data analysis and image visualization. All data processing was 
performed using in-house–developed Matlab routines (Matlab 
R2012a). The transient signal data were exported from the mass 
cytometer in text format. The file consists of push numbers (i.e., 
time) in rows and mass channels in columns, and the measured 
values are given as ion counts. The recorded signals in each chan-
nel were integrated over 768 pushes, equivalent to a 10-ms time 
window (1 push ≈ 13 µs). Subsequently, each laser-generated 
pulse (50-ms duration) in the transient signals was integrated 
into a single laser shot signal. Finally, images of each mass chan-
nel were reconstructed by plotting the laser shot signals in the 
same order they were recorded, line scan by line scan. For further 
data analysis, the mean background determined over a duration 
of ~1 s of each individual channel obtained before the first line 
scan started was subtracted from each individual image data set 
(Supplementary Software).

Calculation of the limit of detection. The limit of detection 
(LOD) was calculated for signals in a time duration identical to 
the integration time for a single laser shot (50 ms or one image 
pixel). The averaged background signals of most of the channels 
was less than one count per laser shot. On the basis of Poisson 
statistics, the LOD in ion counts was then determined according 
to the following formula41: LOD = 3.29 × S + 2.71, where S is 
the s.d. of the background signal integrated in this time duration  

(S is assumed to be square root of the mean background; hence, 
conservatively estimated, S ≈ 1). Therefore, the LOD of the image 
(mean background corrected) was estimated to be six counts  
per image pixel.

Single-cell segmentation. Topological single-cell segmentation  
is necessary before single-cell protein expression analysis. To 
detect the cell boundaries in the images, we incorporated the 
cell membrane proteins β-catenin, HER2 and cytokeratin 8/18 
into the experimental protocol; staining for the protein H3 was 
used to identify cell nuclei. Images showed well-aligned mor-
phological cell boundaries and centers. Further cell segmenta-
tion was achieved by watershed transformation42,43. First, the 
membrane images and the negative nucleus image were overlaid 
to yield maximum cell-boundary information. Then the images 
were Gaussian blurred to minimize imaging artifacts and noise. 
Finally, watersheds were searched along the cell membranes with 
the Matlab imaging toolbox (Matlab R2011b). The best segmenta-
tion results were achieved with prior Gaussian blurring (kernel 
width of 3–4.5 pixels) and standard parameters for watersheds42. 
All single-cell boundaries were visually evaluated and corrected 
if necessary. The contents of the boundary masks were then sub-
jected to single-cell analysis. All these steps were performed by 
an in-house–developed Matlab script. Finally, single-cell marker 
expressions were normalized to the median H3 signal obtained 
from each image.

Comparison of single-cell marker intensities. For immuno-
fluorescence images, the single-cell segmentation was performed 
using an in-house–developed CellProfiler44 segmentation pipe-
line. All intensities were rescaled from 0 to 1, and outliers (<0.1% 
sample size) were removed. For imaging mass cytometry data, the 
cell events extracted from the watershed algorithm were analyzed 
(see above). Preprocessing and further analysis were performed in 
Matlab 2013a using the Wilcoxon rank-sum test as an alternative 
to the Student’s t-test, as normal distribution cannot be assumed. 
The positive and negative single cells were estimated by a globally 
defined threshold for each method. For each comparison one 
biological replicate was available.

SPADE analysis of analyzed tumors. The cell events extracted 
from the watershed algorithm were analyzed on http://cytobank.
org/ and using the software tool SPADE36. The following sum-
marizes the SPADE algorithm within the context of this imaging-
based single-cell analysis. First, density-dependent downsampling 
of all extracted cell events to a prespecified target number was 
performed. The following settings were implemented: Arcsinh 
Cofactor = 5, target number of clusters = 150, downsample to 
target number of events = 5. The analysis was run by using the 
software Cytoscape_v.2.8.3. The downsampled cell events were 
then clustered according to the expression of 19 markers (ER, 
PR, CD68, CD20, c-MYC, HER2, pAMPK, H3, pERK, pBad, 
CD44, β-catenin, vimentin, cytokeratin 7, CAH IX, E-cadherin, 
pS6, caspase 3 and cytokeratin 8/18) into phenotypically similar 
agglomerates of cells. Phenotypically similar agglomerates of cells 
were connected via edges to draw a minimum spanning tree. Next 
an upsampling step was performed to assign each cell event from 
the initial data set to the most representative agglomerate. Finally, 
the minimum spanning tree was projected in two dimensions, 
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and circles of the tree representing cell agglomerates were colored 
by median intensity level of a given measured parameter allow-
ing visualization of marker expression across the entire cellular 
hierarchy. For the SPADE trees representing the cell populations, 
the node size was given as percent total (for example, number of 
cells from a given image falling into a cell cluster). Attribute val-
ues used are: 0/5/7/15/maximum, node size: 60/120/150/200/200. 
In Figure 5, for HER2, the color bar was set in the range 4–9 
with steps 4/4.5/5/6/7/8.5/9. CD20-positive cell subpopulations 
are displayed, and the color bar was set in the range 0–9 in the 
following steps: 1/3/5/6/7/8/9. In Supplementary Figure 11,  
the CAH IX–positive cell subpopulations are displayed, and 
the color bar was set in the range 3.5–8 in the following steps: 
3.5/4/4.5/5/5.5/6.5/7.

Visualization of images. For visualization only, the images of 
each individual channel were upsampled to a width of 1,500 
pixels, with the image ratio maintained using bicubic automatic 
resampling in Adobe Photoshop v.13. For image artifact correc-
tion, noise reduction was implemented in Adobe Photoshop v.13 
with these settings: strength 5, preserve details 2%, reduce color 
noise 0% and sharpen details 40%. For PR (case nos. 23 and 210) 
and cleaved caspase 3 (case no. 210), “despeckle” and Gaussian 
blur (kernel width, 0.25 pixels) before upsampling were applied. 
For all data analysis steps, only raw data were used unless other-
wise mentioned. For Figure 2b the scale maximum indicating the 

39. Theurillat, J.P. et al. NY-BR-1 protein expression in breast carcinoma: a 
mammary gland differentiation antigen as target for cancer 
immunotherapy. Cancer Immunol. Immunother. 56, 1723–1731 (2007).

40. Blurry, R.W. Immunocytochemistry, a Practical Guide for Biomedical Research 
(Springer, 2010).

41. Currie, L.A. Nomenclature in evaluation of analytical methods including 
detection and quantification capabilities (IUPAC recommendations 1995). 
Pure Appl. Chem. 67, 1699–1723 (1995).

42. Meyer, F. Topographic distance and watershed lines. Signal Processing 38, 
113–125 (1994).

43. Shapiro, L.G. & Stockman, G.C. Computer Vision (Prentice Hall, 2001).
44. Kamentsky, L. et al. Improved structure, function and compatibility for 

CellProfiler: modular high-throughput image analysis software. 
Bioinformatics 27, 1179–1180 (2011).

counts per laser shot was adjusted for imaging mass cytometry 
as followed, from top to bottom: H3, 200; HER2, 30 and H3, 200; 
CK8/18, 80 and H3, 200; E-cadherin, 40 and H3, 400; vimentin, 80  
and H3, 400. For Figure 3 the scale maximum indicating the counts 
per laser shot were adjusted as follows. Tissue no. 210: H3, 200;  
CK8/18, 80; vimentin, 400; CK7, 25; CD44, 50; PR, 10; pan-actin, 
40; CD68, 20. Tissue no. 23: HER2, 50; H3, 400; vimentin, 100; 
E-cadherin, 30; cytokeratin 7, 25; pS6, 20; β-catenin, 40; ER, 40; 
and CD68, 10. For Figure 4 the maximum ion counts shown for 
each protein phosphorylation site were identical between treat-
ment and control conditions, and the scale maximum indicating 
the counts per laser shot were adjusted as follows: PLCγ2, 600; 
ERK, 100; p38, 60 and S6, 60.
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