nature methods

Brief Communication

https://doi.org/10.1038/s41592-023-01976-y

DNA-barcoded signal amplification for
imaging mass cytometry enables sensitive
and highly multiplexed tissue imaging

Received: 12 June 2022

Accepted: 5 July 2023

Tsuyoshi Hosogane'??, Ruben Casanova"? & Bernd Bodenmiller ®?

Published online: 31 August 2023

W Check for updates

Imaging mass cytometry (IMC) is a highly multiplexed, antibody-based
imaging method that captures heterogeneous spatial protein expression
patterns at subcellular resolution. Here we report the extension of IMC to

low-abundance markers through incorporation of the DNA-based signal
amplification by exchange reaction, immuno-SABER. We applied SABER-IMC
toimage the tumor immune microenvironment in human melanoma by
simultaneous imaging of 18 markers withimmuno-SABER and 20 markers
without amplification. SABER-IMC enabled the identification of immune cell
phenotypic markers, such as T cell co-receptors and their ligands, that are
not detectable with IMC.

Highly multiplexed, antibody-based imaging enables spatial investiga-
tion of protein expression within tissues' . In the tumor microenvi-
ronment (TME), multiplexed imaging has shown that multiple types
of tumor, immune and stromal cells, and their interactions, drive the
disease'®. Imaging of more than five targets is challenging with standard
immunofluorescenceimaging due to spectral overlap of fluorophores.
Higher multiplexity has been achieved with techniques that use itera-
tive imaging cycles, but these cause tissue damage and are limited
by autofluorescence and low dynamic range*”°. IMC achieves highly
multiplexed (up to 40-plex) imaging" using metal isotope-labeled
antibodies to stainbiological samples, followed by pixel-wise focused
laser ablation and simultaneous detection of these labeled antibodies
in a mass cytometer'. However, imaging of low-abundance proteins
using IMC is challenging. Standard amplification approaches using
secondary antibodies cannot be multiplexed due to the low number of
orthogonal host species for primary antibodies. Therefore, to extend
highly multiplexed IMC to low-abundance targets, a highly multiplexed
signal amplification approachis needed.

Multiplexed amplification has been achieved forimmunofluores-
cenceimaging using the DNA-based signal amplification by exchange
reaction (SABER) method®. Immuno-SABER amplifies the fluorescent
signal using DNA-barcoded antibodies and cyclic hybridization of fluo-
rescently labeled imager strands to the concatemer containing multiple
repeats of barcode sequence; it has been previously used for 10-plex
imaging of biological tissues®. Here, we implemented SABER-IMC by

labelingimager strands with ametal isotope instead of afluorophore,
enabling the imaging of low-abundance target proteins and eliminat-
ing laborious iterative imaging cycles. We used 38-plex SABER-IMC
to image human melanoma tissue, with a focus on low-abundance
immunomodulatory molecules, including CTLA-4, PD-1and LAG-3,
and characterized cell phenotypes and interactions within the TME
that would have gone undetected using standard IMC.

Inthe SABER-IMC workflow, each antibody is tagged with aunique
42-mer bridge DNA. Each bridge DNA is then hybridized to the 5’ end
of a single-stranded DNA concatemer (Extended Data Fig. 1a,b). The
concatemer carries multiple repeats of a 9-mer barcode sequence at
the 3’ end, whichis then further hybridized to tens of imager strands,
each conjugated toametalisotope (Fig.1aand Extended DataFig.1c-e).
By using orthogonal bridge DNA sequences and 9-mer barcode
sequences for different antibodies, signals of multiple targets can be
simultaneously amplified. Additional rounds of concatemer hybridi-
zation, which createabranched DNA structure with additional imager
binding sites, can further enhance the amplification® (Fig. 1b). Here
we use the terminology SABERx1, SABERx2 and SABERx3 to indicate
one, two and three rounds of concatemer hybridization, respectively.

We first examined the specificity of the SABER-amplified signal
using a mixed pellet of three different cell lines, Jurkat, Ramos and
ZR-75-1cells, which uniquely express CD3, CD20 and keratin, respec-
tively. We performed SABER-IMC on formalin-fixed paraffin-embedded
(FFPE) sections of the mixed cell pellet with antibodies to CD3, CD20
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and keratin tagged with unique bridge DNAs. Reagents for the differ-
ent targets (that is, antibodies, concatemers, imagers) were pooled
beforeincubation. As a positive control, we performed standard IMC
on a section from the same pellet stained with isotope-labeled pri-
mary antibodies". We performed SABER amplification as previously
reported”, with some modifications. We observed expression of the
expected marker in each cell line (Extended Data Fig. 2a), as confirmed
by pixel-wise correlation for simultaneous IMC and SABER-IMC stain-
ing of the same section (Extended Data Fig. 2b). A dextran sulfate
concentration of 0.5-5% in the antibody solution and DNase pre-
treatment of the cell pellet reduced the nonspecific background,
and concatemers and imagers did not introduce notable background
(Extended Data Fig. 2c—j).

We further tested the specificity of 5-plex SABER-IMC on FFPE
human tonsil tissue, which has well-characterized protein expression
patterns™ (Extended DataFig. 3a). We selected antibody concentrations
to maximize signal intensity while maintaining a signal-to-background
ratio comparable to that of standard IMC (Extended Data Fig. 3b).
Concatemers and imagers did not introduce notable background
(Extended Data Fig. 3c,d), and expression of markers CD20, CD8a, CD3,
CD4 and CDI1cintonsil were comparable in SABER-IMC and standard
IMC (Extended DataFig. 3a).

To quantify signal amplification, we measured the signal intensity
inmixed cell pelletimages from SABERx1, SABERx2 and SABERx3 and
compared with standard IMC and IMC amplified via isotope-labeled
secondary antibodies. For CD3, SABERx1amplified the signal 2.0-fold,
SABERx216.7-fold and SABERx3 68.0-fold compared to standard IMC,
with only very minor decrease insignal-to-backgroundratio (Fig. 1c-e).
For CD20 and keratin, the signals were also increasingly amplified by
the SABERx1, x2 and x3 relative to standard IMC, with 16.7-fold and
25.4-fold amplification for SABERx3 for the two proteins, respectively
(Fig.1c,d). Compared to IMC amplified viaisotope-labeled secondary
antibodies, SABER improved amplification by between 2- and 17-fold
(Fig. 1c,d). We observed similar results in FFPE sections of tonsil
(Extended DataFig. 4).

To model SABER-IMC detection of a low-abundance protein, we
prepared CD3 antibody dilution series and compared the SABER-IMC
and standard IMC signal on Jurkat cell pellet sections. At the lower
antibody concentrations (0.01-0.1 pg ml™), standard IMC detected no
or very low CD3 signal, whereas the signal was detectable in SABERx2
(Extended Data Fig. 5). Next, we tested 8-plex SABER-IMC on human
tonsil-targeting immune cellmarkers (CD3, CD4,CD8aand CD11c) and
low-abundance immunomodulatory molecules (CTLA-4, PD-1, LAG-3
and PD-L1). These low-abundance proteins areimpossible or difficult to
detectbystandard IMC. Allmarkers were detected with SABER-IMC with
the expected expression patterns™ ¢ (Fig. 2a and Extended DataFig. 6).
CTLA-4 expression was mainly found on CD3"/CD4" T cells and was
coexpressed with PD-1and LAG-3 ononly asubset of T cells (Fig. 2b,c).
PD-L1was mainly expressed on CD11c* macrophages or dendritic cells,

which were often found in the proximity of PD-1" T cells (Fig. 2d), sug-
gesting the expected PD-1/PD-L1interaction’*.

Next, todetect targets with alarge range of abundance, weimaged
high-abundance targets with standard IMC and low-abundance targets
with SABER-IMC (Fig. 2e). Antibodies for both strategies were mixed
and simultaneously imaged. On Ramos cell pellet sections, the standard
IMC ssignal was decreased by 25-99%, depending on the marker, by the
SABER amplification steps. This was minimized to 0-70% by incubating
tissues withisotope-labeled antibodies after the SABER amplification
step (Extended DataFig. 7).

Using this approach, we applied SABER-IMC to three melanoma
samples differing in their inflammation state to spatially analyze
the TME. In the inflamed tumor, immune cells have infiltrated into
the tumor mass. In the excluded tumor, immune cells remain out-
side the tumor mass. The mixed tumor contains both inflamed and
excluded regions. We designed an antibody panel with 7 antibodies
to be detected by SABERx1, 11 by SABERx2 and 20 by standard IMC
(Fig.2f). This panelincluded antibodies targeting many low-abundance
immunomodulatory molecules that are difficult or impossible to
detect by standard IMC. SABER-IMC detected all markers, includ-
ing the low-abundance immunomodulatory molecules (Fig. 2g and
Extended Data Fig. 8), with low background in extracellular matrix
regions (Extended Data Fig. 9).

To determine the phenotypes of individual cells within the
TMEs, we segmented single cells”, removed rare cell populations
that nonspecifically accumulated SABER-IMC signal especially from
SABERx2 amplified targets (Extended Data Fig. 10a), and then clus-
tered and annotated all cells as T cells, macrophages, tumor cells and
other cells on the basis of known marker expression (Extended Data
Fig.10b,c). We identified two important phenotypes within the T cell
population: CTLA-4"/Foxp3* regulatory T cells, which have been previ-
ously identified in melanoma??, and PD-1'/LAG-3"/TIM-3* CD8" T cells
(Fig. 2h). CTLA-4" regulatory T cells were found in both the excluded
and the inflamed samples (Fig. 2i). PD-1'/LAG-3*/TIM-3" CD8" T cells
were mainly found in the inflamed sample and in inflamed regions of
the mixed sample (Fig. 2i), as expected®. We also identified distinct
clusters of macrophages and tumor cells (Fig. 2h,i). These experiments
demonstrate that SABER-IMC enables the imaging of low-abundance
immunomodulatory molecules within the context of a highly multi-
plexed experiment, allowing for single-cell phenotypic and spatial
analysis of the TME.

SABER-IMC is the first highly multiplexed signal amplification
method for IMC. Depending on the abundance of a target within the
sample, no amplification or up to three rounds of amplification canbe
used, allowing tissue imaging across a wide abundance range, which
would not have been possible with existing approaches. SABER-IMC
amplified signal 8- to 16-fold with two rounds of amplification, and 16-
to 68-fold with three rounds of amplification, compared to standard
IMC; the extent of amplification was target dependent. This variation

Fig.1| SABER-IMC workflow and quantification of signal amplification.

a, General SABER-IMC workflow. (i) Target molecules in biological samples are
recognized by antibodies labeled with unique bridge-DNA tags. (ii) Concatemers
are hybridized to complementary bridge-DNA tags. (iii) Isotope-labeled imager
strands are hybridized to corresponding barcode sequences on the concatemers.
(iv) Allisotope-labeled target molecules are simultaneously imaged by pixel-wise
laser ablation and mass cytometry. (v) Mass cytometry analysis reveals isotope
content of every ablation spot, enabling the reconstruction of images for each
target molecule. b, Workflow of SABERx3-IMC for further signal amplification.

(i) Target molecules are recognized by antibodies labeled with unique bridge-DNA
tags. (ii)-(iv) First-round concatemers are hybridized to corresponding bridge-
DNA tags, and second- and third-round concatemers are sequentially added to
give additional binding sites forimagers by creating branched DNA structures.
The degree of amplification can be adjusted for individual targets by selecting
the number of concatemer incubation rounds. (v) Isotope-labeled imager strands

are hybridized to corresponding concatemers. ¢, Images of sections of a mixed
cell pellet stained with CD3 (yellow), CD20 (magenta) and keratin (cyan) with
SABER-IMC with the indicated rounds of amplification, with standard IMC, or
withisotope-tagged secondary antibody-based amplification. Intensity scales
areindicated on the right of images. Separated column at right shows SABERx3
image with adjusted intensity scale. Scale bars, 50 um; Ab, antibody. d, Bar plots
of mean signal intensity of each marker inimages of indicated samples. Mean
signal intensity was obtained using pixels expressing higher signal than defined
threshold. Fold amplification compared to standard IMC is indicated on top of
each bar. Error bars are s.e.m. (n = 3independent experiments; each experiment
isamean value of three regions of interest (ROIs)). e, Signal-to-background ratio
for the indicated amplification conditions. Signal intensity and background
intensity were obtained from average intensity of pixels expressing higher or
lower signal than defined threshold, respectively. Error barsares.e.m.(n=3
independent experiments; each experiment is amean value of three ROIs).
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could result from the antibody conjugation method, concatemer  of aslow as 40 normalized transcripts per million (nTPM) up to 5,300
length or oligonucleotide sequence. Taking mRNA abundanceasa nTPM (for example, 41.9 nTPM for CTLA-4, 5,290.7 nTPM for SMA)
proxy for proteinabundance?, although we recognize that thiscanbe  (ref. 24). Finally, SABER-IMC facilitates IMC panel design, since less
imperfect for many markers, we achieved the simultaneous detection  sensitive channels can be used for SABER-amplified markers.
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SABER-IMC combines two technologies, immuno-SABER and
IMC, and retains the advantages of both while compensating for their
weaknesses. Inmuno-SABER enables highly multiplex imaging with
signal amplification, but it requires repetitive imager hybridization

cycles, whichare eliminated in SABER-IMC. Our simultaneous 38-plex
SABER-IMCimaging would require 13 cycles with three colors per round
using immuno-SABER, including sample registration. Additionally,
SABER-IMC allows inclusion of isotope-labeled primary antibodies,
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Fig.2|Detection of low-abundance molecules with SABER-IMC. a, SABER-IMC
image of FFPE tonsil section stained for four low-abundance (CTLA-4, PD-1, LAG-3,
PD-L1) and four high-abundance (CD3, CD4, CD8a, CD11c) markers. Scale bar,

50 pm. b, Magpnified views of white box 1in a showing the indicated markers (CD3,
CD4, CTLA-4).Scale bars, 10 um. ¢, Magnified views of white box 1in a showing
theindicated markers (PD-1, LAG-3, CTLA-4). Scale bars, 10 pm. d, Magnified

view of white box 2 in a showing the indicated markers (PD-1, PD-L1, CD11c). Scale
bars, 10 pum. e, Schematic of imaging of high-abundance targets with standard
IMC and low-abundance targets with SABER-IMC. DNA-labeled antibodies for
SABER amplification are incubated together with isotope-labeled antibodies.
Concatemer and imager hybridization are performed as for the SABER-IMC
protocol. f, Antibody panel used for 38-plex SABER-IMC of human melanoma.

Target molecules and cell type or functional annotation information are listed.
g, Representative SABER-IMC image of the indicated immunomodulatory
molecules ininflamed melanomatissue. gp100 is visualized in both images to
indicate melanoma region. Scale bars, 50 pm. h, PhenoGraph clustering for

T cells (left), macrophages (middle) and tumor cells (right) on the basis of their
single-cellmolecular expression. Clusters were manually annotated on the

basis of expression pattern. i, Frequencies of cell phenotypes within the total
population of T cells (left), macrophages (middle) and tumor cells (right) in
excluded, inflamed and mixed melanoma samples. The mixed sample was further
separated into ‘mixed excluded’ and ‘mixed inflamed'’ regions, depending on the
inflammation status of specific regions within the same sample.

and is thus more flexible than immuno-SABER at reduced cost and
effort of reagent synthesis. Finally, although several DNA-based signal
amplification methods have been reported for immunofluorescence
imaging®*°, we chose SABER because it was the only high multiplexity
(10-plex) method reported so far, and avoiding in situ amplification
should improve reproducibility.

We used 29 out of 50 barcoded DNA sequences from a previous
publication® in our 18-plex SABER panel (7-plex SABERx1 and 11-plex
SABERx%2) for melanoma samples. Higher multiplexity may require
additional design and validation of DNA barcodes. Potentially, longer
barcode sequences thanthe current 9-mer barcodes could help togener-
atelarger numbers of orthogonal DNA barcodes. When conjugating the
bridge DNA to antibodies, we recommend using site-specific conjugation
approaches (for example, targeting glycans at the antibody Fc region)
over non-site-specificapproaches (forexample, targeting lysine residues
on an antibody). Site-specific DNA conjugation minimizes the interfer-
encewithantigenrecognition of the conjugated antibody and eliminates
theneed for optimizing reaction conditions (for example, concentrations
of cross-linking molecule and bridge DNA) for each antibody to yield
1-3 DNA conjugations per antibody, as suggested previously”.

In summary, SABER-IMC is a highly multiplexed amplification
platform for high-resolution tissue imaging, which allows detection of
low-abundance targets that are impossible or difficult to detect with
standard IMC. SABER-IMC does not require sequential hybridization
cycles, and we report much higher multiplexing than demonstrated for
other signal-amplification technologies (10-plex for immuno-SABER,
8-plex for IHC-TSA”). As demonstrated in our analysis of melanomasam-
ples, SABER-IMC enabled clear detection of low-abundance immunomod-
ulatory molecules and should prove useful for numerous other classes
of low-abundance proteins, such as transcription factors. SABER-IMC
is a powerful technique for highly multiplexed tissue imaging as dem-
onstrated here and in the accompanying manuscript (Strotton etal.”®).
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Methods

Antibody labeling with bridge-DNA tags

Antibody and bridge DNA were conjugated either via click reaction
(azide-modified antibody and DBCO-modified DNA) or via thiol-
maleimide addition reaction (maleimide-modified antibody and
thiol-modified DNA) (Extended Data Fig. 1a). DNA sequences of all
the bridge DNA identities (IDs) are listed in Supplementary Table 1.
Details of the antibodies and the corresponding bridge DNA IDs are
in Supplementary Table 2. Conjugation via thiol-maleimide addition
reaction was used for anti-CD3 and for anti-keratin. All other antibodies
were conjugated via click reaction. For the click reaction, antibodies
were modified with azide using Glyclick azide activation kit (Genovis)
following the protocol from the manufacturer. Briefly, glycans in the
Fcregion of antibodies were enzymatically truncated and remodified
with N-azidoacetylgalactosamine. The product was purified using
0.5 ml, 50 kDa Amicon UltraFilters (Millipore). Next, 10 molar equiva-
lents of 5’-DBCO-modified DNA (Microsynth) was added to 1 mg ml™
of azide-modified antibody in PBS solution and kept at room tempera-
ture overnight to complete the click reaction. Conjugated antibody
was purified with 0.5 ml, 50 kDa Amicon Ultra Filters.

For thiol-maleimide addition reaction, lysine residues on anti-
bodies were modified with maleimide using maleimide-PEG,-NHS
cross-linker (Thermo Fisher Scientific)*. Antibodies were concen-
tratedtoaround2 mg mlinPBS using 0.5 ml, 50 kDaAmiconUltraFilters,
then 13-65 molar equivalents of maleimide-PEG,-NHS cross-linker
was added. Reactions were kept at 4 °C for 2 h. Maleimide-modified
antibodies were purified over 0.5 ml, 7 kDA Zeba desalting columns
(Thermo Fisher Scientific). In parallel, 100 pM of 5’-thiol-modified
bridge DNA was activated with20 mM TCEP in water for 30 minat 37 °C,
then purified usingaNAP5 column (GE Healthcare Life Sciences). Next,
10 molar equivalents of activated 5’-thiol-modified DNA was added into
the solution of maleimide-modified antibody in PBS, and the reaction
was kept at 4 °C overnight. Conjugated antibody was purified over
0.5ml, 50 kDa Amicon Ultra Filters.

Obtained DNA-antibody conjugates were analyzed by gel elec-
trophoresis. Antibodies were denatured in LDS buffer (Thermo Fisher
Scientific) at 95 °C for 3 min without reducing reagents and run on
4-12% Bis-Tris Plus gels (Thermo Fisher Scientific) at 165 V for 60 min.
The gels were stained with SimplyBlue safe stain (Thermo Fisher
Scientific) for1 hand washed with deionized water for 1 h to overnight
before visualization. Example gel analysis results of DNA-conjugated
antibodies are shown in Extended Data Fig. 1b.

Antibody labeling with metal isotope

Isotope-labeled antibodies were used for standard IMC staining and
for unamplified targets. For secondary antibody amplification, intact
primary antibody and isotope-labeled secondary antibody were used.
Isotopelabeling of antibodies was carried out using the MaxPar X8 anti-
body labeling kit (Fluidigm) according to the manufacturer’s manual.
First, chelation was completed by incubating MaxPar X8 polymer,
which carries terminal maleimide functionality and multiple chelators
forlanthanideions, in2.5 mMIlanthanide chloride solution (Fluidigm)
at 37 °C for 30 min. The product was purified into C buffer, provided
with the MaxPar X8 antibody labeling kit, using 0.5 ml, 3 kDa Amicon
Ultra Filters (Millipore). In parallel, antibody was partially reduced in
0.8 mM TCEP at 37 °C for 30 min and was purified into C buffer using
0.5 ml, 50 kDa Amicon UltraFilters. Isotope-loaded polymer was added
into partially reduced antibody and was incubated at 37 °C for 90 min.
Conjugated product was purified over 0.5 ml, 50 kDa Amicon Ultra
Filters. Details of the antibodies and the corresponding metal isotope
modifications are in Supplementary Table 2.

PER concatemer synthesis for SABER amplification
All concatemers were synthesized as reported previously with
minor changes™?. Before adding primers, the reaction mixture

was prepared with final concentrations of 800 U mI™ of BST LF poly-
merase (NEB), 600 pM each of dATP,dTTP and dCTP (NEB), 0.1to2 uM
of hairpin (IDT), 100 nM of Clean.G hairpin (5’-CCCCGAAAGTGGC
CTCGGGCCTTTTGGCCCGAGGCCACTTTCG-3,IDT)and10 mMMgSO,
(NEB)inPBS. The reaction mixture was preincubated at 37 °C for 15 min
to remove potentially contaminating dGTP, which could inhibit the
reaction. Subsequently, primers were added to a final concentration
of 1uM, and the reaction was kept at 37 °C or 25 °C for 2-24 h, followed
by heat inactivation of polymerase at 80 °C for 20 min. In addition to
optimizing hairpin concentration and reaction time, we decreased
reaction temperature from 37 °C to 25 °C for some of the primers to
allow extension of up to 650 nucleotides in length. DNA sequences of
all the primers and concatemers are listed in Supplementary Table 1.
Details of the reaction conditions for the concatemer synthesis are in
Supplementary Table 3. Concatemers were either directly used without
further purification or were purified and concentrated with a Minelute
kit (Qiagen) into water. Concentration of concatemers is necessary
when SABER-IMC is performed in more than 6-plex. We used the Min-
elutekitto concentrate 100 pl concatemer solutioninto10 pl. Concate-
mer productsand alkilobase pair (kb) Plus DNA ladder (Thermo Fisher
Scientific) were separated on 1% agarose gel electrophoresis in TAE
buffer at 120 V for 40 min. The gel was stained with GelRed (Biotium)
and visualized with atransilluminator (TFX-20, Sigma). Anexample gel
analysis is shownin Extended Data Fig. 1c.

Imager labeling

The MaxPar X8 antibody labeling kit (Fluidigm) was used to pre-
pare metal isotope-modified polymer with a terminal maleimide
functionality. Chelation was completed by incubating MaxPar X8
polymer in 2.5 mM lanthanide chloride solution (Fluidigm) at 37 °C
for 30 min, and the product was purified into C buffer using 0.5 ml,
3 kDa Amicon Ultra Filters (Millipore). The 5’-thiol-modified imager
DNA (Microsynth) was activated using 50 mM TCEP at 25 °C for 30 min,
followed by the addition of sodium acetate to a final concentration of
0.3 M. After vortexing, an aliquot of 5 nmol of DNA (20 pl) was used
for one tube of MaxPar X8 polymer. To the tube containing DNA,
2.5 volume equivalents of ethanol (=20 °C) was added. The sample
was vortexed and incubated at 20 °C for 30 min. The reaction was
centrifuged at 30,000g for 30 min at 4 °C. The pellet was washed
with 500 pl 75% ethanol and centrifuged at 30,000g for 3 minat 4 °C.
The precipitated product was obtained by removing the supernatant
andresuspendinginto 50 pl Cbuffer. The product concentration was
determined using a Nanodrop spectrophotometer. An aliquot of
1.5-2 nmol of activated 5’-thiol-modified imager DNA was added to
purified isotope-labeled MaxPar X8 polymer in 200 pl C buffer and
incubated at 25 °Cfor 2.5 h. The sample was purified three timesinto
40 pl water using 0.5 ml Microcon 30 filters (Millipore). TCEP was
optionally added to a final concentration of 5 mM at 30 min before
the purification step. DNA sequences of all the imagers are listed in
Supplementary Table 1. The obtained isotope-labeled imager was
analyzed ona4%agarose gelrunat120 Vfor 40 min. Gels were stained
with GelRed and visualized using a transilluminator. Examples are
shown in Extended Data Fig.1d,e.

Preparation of FFPE sections of mixed cell pellet, human tonsil
and melanoma tissue

Jurkat cells and Ramos cells were cultured and expanded in RPMI
1640 (Sigma) with 5% or 10% fetal bovine serum until the cell number
reached around 160 million. ZR-75-1 cells were cultured and expanded
in DMEM (Gibco) with 1 mM sodium pyruvate (Gibco) supplement
until the cell number reached around 10 million. We then mixed 33
million Jurkat cells, 106 million Ramos cells and 7 million ZR-75-1
cells and washed the cells with PBS several times. Cells were then
centrifuged and resuspended in human plasma (Sigma). Next, bovine
thrombinwasadded, and the cell suspension was incubated at room
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temperature for 10 min until cells clotted. The cell pellet was trans-
ferred into a biopsy capsule, and cells were fixed with 10% formalin
(Thermo Fisher Scientific) overnight. The pellet was washed with
twice with PBS (15 min each wash), once with 50% ethanol (30 min) and
once with70% ethanol (overnight). Finally, the cell pellet was embed-
ded in paraffin. FFPE sections of 6 pm were prepared using a rotary
microtome. Sections were collected onto glass slides (JISOOAMNZ,
Thermo Fisher Scientific) and baked overnight at 37 °C. The FFPE
sections were kept at 4 °C for short-term storage or at —20 °C for
long-term storage. Human tonsil FFPE sections were prepared at
University Hospital of Zurich. Human melanoma tissue FFPE sec-
tion were prepared at the Department of Dermatology, University
Hospital of Zurich. Samples received from University Hospital Zurich
were approved by the Ethikkommission Kanton Ziirich (KEK-ZH-Nr
2014-0425).

General SABER-IMC protocol for FFPE sections

The SABER protocol was adopted and slightly modified from the lit-
erature?, FFPE sections were left at room temperature for 15 min
after removal from storage. Deparaffinization was carried out using an
AS-2 (Pathisto). The slides were placed into HIER buffer (10 mM Trizma
(Sigma), 1 mM EDTA (Thermo Fisher Scientific), pH 9.2) and heated
at 95°C for 30 min in a decloaking chamber (BioCare Medical) for
epitoperetrieval. Slides were cooled at room temperature for 20 min,
washed in PBS for 15 min and regions of interest were outlined with a
hydrophobic pen (Vector Laboratories). Before staining, samples were
incubated with 20 U mI"'DNase 1 (NEB) in 1x DNase buffer (NEB) at 37 °C
for2 h, followed by washing with deionized water for afew seconds and
with PBS (three times for 10 min each) at room temperature. DNase
treatment helped to get rid of nonspecific nuclei signal observed in
SABER-IMC. Samples were then blocked with PBS containing 3% BSA
(Sigma) and 0.1% Triton X-100 (Sigma) for 1 h at room temperature in
ahumidified chamber.

Antibody solution was prepared in the blocking buffer (PBS con-
taining 3% BSA (Sigma) and 0.1% Triton X-100 (Sigma)) containing
0.2 pg ml™* sheared salmon sperm DNA (Thermo Fisher Scientific)
and 0.5-5% dextran sulfate (Sigma) and was incubated at 4 °C over-
night in a humidified chamber. Antibodies were titrated to give opti-
mal signal-to-background ratio. Typically, antibodies were diluted to
0.1-2 pg ml™* final concentrations. Excess antibodies were removed by
washing three times for 10 min eachin PBS, and remaining antibodies
were cross-linked by addition of 5 mM a,w-Bis-NHS-PEG (2,000 molecu-
lar weight, Sigma) in PBS at 4 °C for 3 h. Reactions were quenched in
TBS atroom temperature for 20 min.

Concatemer solution was prepared in 2x SSC buffer (Sigma) with
25% formamide (Sigma), 10% dextran sulfate, 0.1% (v/v) Tween-20
(Sigma) and 0.2 mg ml™ sheared salmon sperm DNA. Concatemers were
typically diluted to 80-100 nM, and concatemers for different targets
were mixed together and used for simultaneous staining. Therefore,
atmultiplexity over 6-plex, itis necessary to concentrate concatemer
solutions from the 1 uM PER reaction to 10 pM using the Minelute kit.
At10 pM stock concatemer solution, more than 40 different concatem-
ers can beincluded in the total volume at 100 nM final concentration
for each concatemer. The slides were incubated with concatemer
solution at 37 °C for 1 h in a humidified chamber, then washed with
50% formamide in PBS for 5 minatroom temperature and three times
for 10 min each with TBS containing 0.1% Triton X-100 at 37 °C. For
SABERX%2 or x3 amplification, concatemer solution was prepared in
the same buffer, and slides were incubated in a humidified chamber
at 37 °C for 2 h. Second- and third-round concatemers were typically
diluted to 100 nM, and concatemers for different targets were mixed
together and incubated simultaneously. Excess concatemers were
removed by washing with 50% formamide in PBS for 5 min at room
temperature and then three times for 10 min each with TBS containing
0.1% Triton X-100 at 37 °C.

Imager solution was prepared in PBS containing 0.1% Triton X-100,
and slides were incubated in the solution at room temperature for 1 h
inahumidified chamber. Imagers were typically diluted to 1 uM final
concentration. After incubation, slides were washed once with PBS
containing 0.1% Triton X-100 for 5 min at 37 °C and twice for 5 min
eachwith TBS at room temperature. For nuclear staining, slides were
incubated with1:1,000 dilution of 500 uM MaxPar intercalator-Ir (Flui-
digm) in PBS for 5-10 min, followed by a 15-min wash in TBS at room
temperature. Slides were then dipped into deionized water for a few
seconds, dried immediately using pressured air flow and stored at
room temperature until measurements. Since iridium intercalator
also interacts with SABER DNA constructs, cytosolic iridium signal
was observed from SABERx2 and x3 amplification for abundant tar-
gets, such as cytokeratin, when SABER-amplified signal counts were
above 1,000. Typically, the iridium background signal for SABERx1
and SABERx2is low and can beignored. It is recommended, however,
that anantibody-based nuclear stain, such as anti-histone H3, be used
in experiments when SABER-amplified signal counts are above 1,000
and when the cytosolic background signal is anissue, for example, in
nuclear segmentation.

IMC images were acquired using a Hyperion Imaging System
(Fluidigm). The laser ablation frequency was at 200 Hz, and preproc-
essing of the raw data into mcd files was completed using commer-
cially available acquisition software (Fluidigm). Automated tuning of
the argon flow and helium flow was performed on a daily basis using a
tuning slide coated with isotope-containing polymer (Fludigm).

DNA barcode sequences and corresponding antibodies and
metalisotopes

Forall the experiments, details of bridge DNAs, concatemers, imagers
and corresponding metal isotopes are givenin Supplementary Table 4.

SABER-IMC optimization on mixed cell pellet and human
tonsil tissue FFPE sections

To minimize nonspecific nuclei signal, dextran sulfate and DNase
were used. Deparaffinization, epitope retrieval, antibody staining,
concatemer hybridization, imager hybridization and IMC acquisi-
tion were performed according to the general SABER-IMC protocol
with minor changes. For the conditions without DNase treatment,
samples were directly blocked with PBS containing 3% BSA and 0.1%
Triton X-100 after epitope removal and washing. Dextran sulfate
concentrations tested were 0.05%, 0.5% and 5%. For each condi-
tion, we performed SABERx1 with antibodies to CD20, CD3 and
keratin. Details of bridge DNAs, concatemers and imagers are in
Supplementary Table 4.

To optimize antibody concentrations, experiments were per-
formed on humantonsil sections. Deparaffinization, epitope retrieval,
antibody staining, concatemer hybridization,imager hybridizationand
IMCacquisition were performed according to the general SABER-IMC
protocol except that antibody concentrations were titrated from
0.125 pg ml™ to 8 pg ml™. For each antibody concentration, we per-
formed SABERx2 withantibodies to CD20, CD3, CD11c, CD8a and CD4.
Details of bridge DNAs, concatemers and imagers arein Supplementary
Table 4.

Standard IMC protocol for mixed cell pellet and human tonsil
tissue FFPE sections

FFPE sections were left at room temperature for 15 min after removal
from storage. Deparaffinization was carried out using an AS-2
(Pathisto). The slides were placed into HIER buffer and heated at 95 °C
for 30 min in a decloaking chamber (BioCare Medical) for epitope
retrieval. Slides were cooled at room temperature for 20 min, washedin
PBSfor15 minand ROIs were outlined with a hydrophobic pen (Vector
Laboratories). Samples were then incubated with blocking buffer
for1hatroomtemperatureinahumidified chamber. Isotope-labeled
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antibody diluent was prepared in blocking buffer and incubated over-
nightat4 °C. Details of antibodies and theirisotope labels are in Supple-
mentary Table 2. Samples were washed in TBS for 15 minand incubated
with1:1,000 dilution of 500 uM MaxPar intercalator-Ir (Fluidigm) in PBS
for 5-10 min, followed by a 15-min wash in TBS at room temperature.
Slides were then dipped into deionized water for a few seconds, dried
immediately using pressured air flow and stored at room temperature
until measurements.

Secondary antibody amplification for mixed cell pellet FFPE
sections

Deparaffinization, epitope retrieval and blocking were carried out as
described in the standard IMC protocol. Intact primary antibody was
incubated overnight at 4 °C, followed by two 10-min washes in TBS.
Isotope-labeled secondary antibody was added, and samples were
incubated at room temperature for 1 hthen washed with TBS for 15 min
atroomtemperature. Details of antibodies and theirisotope labels are
inSupplementary Table 2. For nuclear staining, slides wereincubated
with 1:100 dilution of 500 pM MaxPar intercalator-Ir (Fluidigm) in PBS
for 5-10 min, followed by a 15-min wash in TBS at room temperature.
Slides were then dipped into deionized water for afew seconds, dried
immediately using pressured air flow and stored at room temperature
until measurements.

Quantification of signal intensity and signal-to-background
ratio

Signalintensity was calculated as follows. First, the threshold intensity
value was calculated for everyimage by robust background functionin
CellProfiler. Next, for eachimage, pixels with higher intensity than the
threshold value were considered as signal regions, and the rest were
considered as background. We confirmed that the number of pixels
detected above the threshold did not change substantially between
different conditions and visually inspected all thresholded images to
ensurealack ofartifacts (for example, detecting background as a signal
orviceversa). Finally, signal intensity was calculated by subtracting the
average intensity of the background region from the average intensity
ofthesignalregion. The signal-to-noise ratio was obtained by dividing
the average intensity of the signal region by average intensity of the
background region. Note that we reported a slightly lower amplifica-
tion fold thanreported forimmuno-SABER (5- to 20-fold and -50-fold
with one and two rounds of amplification, respectively>?). This is
probably because we compared the signal to that obtained in standard
IMC using antibodies with up to four isotope labels each. In contrast,
the amplification fold reported for immuno-SABER used the signal
from a single imager binding site as the comparator. In cases where
we did not detect a signal for standard IMC, it is not feasible to define
asignalregion. Inthese cases, we simply took the average signal inten-
sity of all pixels within each image. Note that this quantification is
susceptible tobackground signal and potential variationin the density
of positive cell per image. For figures where we used this approach,
we mention in the legend that the signal intensity was obtained from
all pixels.

Combining standard IMC antibodies to SABER-IMC

Toassess whether SABER amplification affects the signal of simultane-
ouslyincubatedisotope-labeled antibodies, we compared the intensity
ofisotope-labeled antibodies on the Ramos cell pellet using: (1) stand-
ardIMC; (2) SABERx2(Pre) (that s, isotope-labeled antibodies wereincu-
bated with tissue following the SABERx2 protocol); (3) SABERx2(Post)
(thatis, the SABERx2 protocol was performed withoutisotope-labeled
antibodies, then tissue was incubated isotope-labeled antibodies fol-
lowing standard IMC protocol); and (4) SABERx2(Pre+Post) (that is,
tissue was incubated with isotope-labeled antibodies following the
SABERX2 protocol until the imager washing step, and then tissue was
incubated with isotope-labeled antibodies again).

SABER-IMCimaging of human melanoma FFPE sections for
tumor immune microenvironment analysis

FFPE slides of tumors from three different patients with human mela-
noma were processed according to the general SABER-IMC protocol,
with minor modification. During incubation with antibody-DNA con-
jugates, wealsoincluded isotope-labeled antibodies for highly abun-
danttargets that do not require SABER amplification. After the SABER
amplification protocol, additional incubation of isotope-labeled
antibodies was performed. In total, 20 targets were imaged by
isotope-labeled antibody, 7 targets were imaged by SABERx1 and 11
targets were imaged by SABERx2. Details of antibodies and their cor-
respondingisotope labels or bridge DNAs, concatemers and imagers
arein Supplementary Table 4.

Data processing and single-cell signal quantification of
38-plex SABER-IMC images from human melanoma samples
lon count image data from IMC software were transformed into tiff
formatand analyzed with animage-processing pipeline (https://github.
com/BodenmillerGroup/ImcSegmentationPipeline). Briefly, llastik
was used to train the pixel classifier by manually annotating pixels of
random crop tiffimages as nuclear, cytoplasmic or background on the
basis of acombination of cytoplasmic or nuclear markers. The trained
classifier was used to annotate all other pixels with probability values,
providing the probability maps. The single-cell mask was generated on
the basis of the probability maps using CellProfiler. Here, the nuclei
were detected and cytoplasm identified by expanding the nuclei
to the borders with the propagation method. Mean signal intensity
of the individual cell area defined by this single-cell mask was used as
the single-cell protein expression value. For subsequent PhenoGraph
clustering, the single-cell protein expression data were arcsinh trans-
formed and normalized to the 99.5th percentile.

Removal of nonspecific spots

Rare cell populations in melanomatissue nonspecifically accumulated
SABER-IMC signal, especially for SABERx2 amplified targets. Toremove
these cells from analysis, all cells were classified into small clusters
using PhenoGraph on the basis of four markers (CD86, LAG-3, Foxp3
and SOX10), which are not expected to be coexpressed within a cell.
We removed the cells from the cluster that showed extremely high
expression of all the four markers, as these regions nonspecifically
accumulated SABER-IMC signal.

Cell clustering

PhenoGraph was used for unsupervised clustering, and these clusters
were aggregated and classified into cell types on the basis of median
marker expression. The first PhenoGraph clustering for all the cells
resulted in 21 clusters, classified into three general cell types (tumor
cells,immune cells, vascular cells). Here we used 12 cell-type markers
(SOX9, gp100, MelanA, CD31, SMA, caveolin, CD20, CD3, CD4, CD15,
HLA-DR and CD1ic) for the clustering. A second clustering on the
cells classified as immune cells using 12 immune cell markers (CD3,
CD8a, CD4, CD20, CD45RA, CD11b, CD15, MPO, CD14, CD68, HLA-DR
and CD1l1c)resultedin18 clusters thatincluded T cells, macrophages,
B cells and granulocytes. The T cell clusters, macrophage clusters
and tumor cell clusters were characterized in detail using 8 markers
for T cells (CD4, CD8a, CD28, Foxp3, PD-1, CTLA-4, TIM-3, LAG-3),
12 markers for macrophages (CD11b, CD68, CD206, CD14, CDllc,
HLA-DR, CD86, PD-L1, PD-L2, AXL, VISTA, TIM-3) and 10 markers for
tumor cells (SOX9, SOX10, gp100, MelanA, S100, HLA-ABC, PD-L1,
TRP1, GLUT1, Ki-67).

Statistics and reproducibility

Experiments for Fig. 1d,e and Extended Data Figs. 2j, 3d, 5b, 6¢c and 7
were performed in three experimental replicates. Other experiments
were performed once.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Tiff files for IMC data and single-cell data used in this manuscript are
available onZenodo (https://doi.org/10.5281/zenodo.7942581). Source
dataare provided with this paper.

Code availability
All code used for preprocessing and analyzing IMC data is available
at https://github.com/BodenmillerGroup/SABER-IMC_publication.
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NHS-PEG,-maleimide, then conjugated with thiol-modified bridge-DNA. For
Glyclick conjugation, acommercially available Glyclick kit was used for azide
modification of the antibody. Briefly, glycans of the antibody were enzymatically
cleaved, an azide-modified sugar was enzymatically conjugated, and then
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attached to each antibody. ¢, Agarose gel analysis of synthesized concatemer
(bc42-19* p.50, see Supplementary Table 1for sequence) with different
concentrations of hairpin templates used for the primer exchange reaction for
concatemer synthesis. The product formed with 1 uM of the hairpin yielded a
concatemer of the desired length of 650 nucleotides. d, Schematic showing
isotope modification of imager DNA. Isotope-loaded polymer was conjugated to
thiol-modified imager DNA. e, Agarose gel analysis of synthesized imager DNA
(i.25-Yb172, see Supplementary Table 1 for sequence) before and after isotope
labelling.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Validation and optimisation of SABER-IMC in mixed
cell pellet. a, Representative standard IMC (top row) and SABER-IMC (bottom
row) images of three ROIs obtained from an FFPE section of a cell pellet
composed of Ramos, Jurkat, and ZR-75-1 cells stained for three markers. CD20 is
shownin magenta, CD3inyellow, and keratin in cyan. Intensities were scaled to
show clear expression for each marker asindicated on the right of each image.
Scalebars are 50 pm. b, Standard IMC and SABER-IMC were simultaneously
performed on the same section of a mixed cell pellet. Top: Pixel-wise correlation
of different markers between standard IMC and SABERx2. Bottom: Pixel-wise
correlation comparing standard IMC against itself to show the expected marker
correlationin each sample. c-e, Representative SABER-IMC images of ¢) CD3,

d) keratin, and e) CD20 in FFPE section from a cell pellet composed of Ramos,
Jurkat, and ZR-75-1 cells. Antibody solutions containing different concentrations
of dextran sulfate with or without DNase treatment before antibody incubation

were tested. Intensity scale is indicated on left top corner of each image. Scale
bars are 40 pm. f-h, Signal-to-background ratios for f) CD3, g) keratin, and h)
CD20. Signal intensity and background intensity were obtained from average
intensity of pixels expressing higher or lower signal than defined threshold,
respectively. i, Representative IMC image of three ROIs of SABER-IMC (left),
SABER-IMC without antibody incubation (middle), and SABER-IMC with only
imager incubation (right) images of FFPE sections of a cell pellet composed of
Ramos, Jurkat, and ZR-75-1 cells stained for CD20 (magenta), CD3 (yellow), and
keratin (cyan). Intensity scales are indicated on the right of the images. Scale bars
are 50 pm. j, Signal intensity of CD20 (left), CD3 (middle), and keratin (right) for
each condition described in panel i. Mean signal intensity was obtained using all
pixels within eachimage. Error bars are s.e.m. (n = 3 independent experiments;
each experimentis amean value of three ROIs).
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| Validation and optimisation of SABER-IMC in tonsil.

a, Images of single ROIs obtained from FFPE sections of human tonsil stained for
CD20 (magenta), CD8 (red), CD3 (yellow), CD4 (green), and CD11c (cyan) imaged
withstandard IMC (top row) and SABER-IMC (bottom row). Top-right corner of
CD11cimage is amagnified view of a CD11c" cell from the region indicated by a
white box. Nuclear marker staining is displayed in blue in all panels. Intensities
were scaled to show clear expression for each marker as indicated on the right

of eachimage. Scale bars are 100 pm with the exception of the image in the
magnified view which is 10 pm. b, Signal-to-background ratio and signal intensity
in 5-plex SABER-IMC of tonsil for varying concentrations of antibodies targeting
CD20, CD8a, CD3, CD4, and CD11c. Signal intensity and background intensity

were obtained from average intensity of pixels expressing higher or lower signal
than defined threshold, respectively. ¢, Images of single ROIs obtained from
FFPE sections of tonsil stained for CD20 (magenta), CD8 (red), CD3 (yellow),
CD4 (green), and CD11 (cyan) imaged with SABER-IMC (left), SABER-IMC without
antibody incubation (middle), and SABER-IMC with only imager incubation
(right). Intensity scales are indicated on the right of the images. Scale bars
are100 pm. d, Signal intensity for CD20, CD8a, CD3, CD4, and CD1ic for each
condition described in panel c. Mean signal intensity was obtained using all
pixels within each image. Error bars for ‘CC+imager’ and ‘imager’ares.e.m.(n=3
independent experiments; each experiment is amean value of single ROI).
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a

Extended Data Fig. 8 | Example images for the indicated markers from a 38-plex imaging of human melanoma tissues. Degree of amplification for each marker is
indicated in white next to its marker name: 1, SABERx1; 2, SABERx2; no label, standard IMC). Coloured number X indicated for each marker means its intensity scale of
0-X.Scalebarsare 50 pm.
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Extended Data Fig. 10 | Highly multiplexed SABER-IMC reveals tumour- after the removal of nonspecific signal. Clusters were manually annotated as
immune microenvironment characteristics of melanoma. a, PhenoGraph tumour cells, immune cells, vascular cells, fibroblasts, or unassigned cells based
clustering of expression patterns of CD86, LAG-3, Foxp3, and SOX10. These on expression profiles. ¢, PhenoGraph clustering of allimmune cells in the
markers are not expected to be co-expressed within any cell and were used to melanoma samples. Clusters were manually annotated as macrophages, T cells,
identify and remove nonspecific signal. b, PhenoGraph clustering of 38-plex B cells, or granulocytes based on expression profiles.

SABER-IMC-derived expression patternsin all cells in the melanoma samples
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Fluidgm CyTOF imaging mass cytometry software v7.0

Data analysis Cell segmentation pipeline: https://github.com/BodenmillerGroup/ImcSegmentationPipeline/tree/20191002_IMCWorkshop
llastik: 1.3.3 (Generation of segmentation probability maps)
Cellprofiler: 4.2.1 (Signal and background intensity quantification), 3.1.9 (Single cell segmentation)
R: 4.2.0 (Single cell data analysis and generation of plots)
Rphenograph: 0.99.1
All code used for preprocessing and analysing IMC data is available at https://github.com/BodenmillerGroup/SABER-IMC_publication

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Raw and processed IMC data will be available upon publication.
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Sample size We used mixed cell pellet from three different cell lines, one tonsil tissue, and three melanoma tissues in this manuscript. No sample size
determination was carried out since we were not comparing groups but rather developing and testing a method. Signal amplification was
successful across these samples, and therefore sufficiently supported the demonstration of the versatility of our method.
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Data exclusions  Fields of view without a significant portion of melanoma and immune cells were excluded from the analysis.

Replication Figures with quantitative analyses showing error bars (S.E.M.) were carried out in three experimental replicates. Especially, signal
amplification was evaluated on 3 FFPE sections of cell pellet to confirm the stability of the amplification.

Randomization  Since we were not conducting a biological study, randomization is not relevant. However, FFPE slides for comparing different amplification
groups (e.g. standard IMC, SABERx2) were selected randomly. Three melanoma tissues were selected to demonstrate different inflammation

states (Inflamed, Excluded, Mixed).

Blinding Since we were not conducting a biological study, blinding is not relevant. The three melanoma tissues with different inflammation state were
stained and imaged simultaneously.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies [ ] chip-seq
] Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms
Human research participants

Clinical data

XXOXKOOS
OUXOob

Dual use research of concern

Antibodies

Antibodies used The list of used antibodies are available in supplementary table 2

Validation All antibodies were validated by test staining on several tissue types including tonsil, melanoma and cell pellets. For validation,
expected spatial distribution and expression profile between markers were assessed on the tissues. Cell type specific expression was
assessed on cell pellets.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) ZR-75-1: ATCC CRL-1500
Ramos: ATCC CRL-1596
Jurkat cells: ATCC TIB-152
Authentication Cell lines were derived from ATCC vials but were not further authenticated

Mycoplasma contamination Cell lines were derived from ATCC vials but were not further tested




Commonly misidentified lines  No commonly misidentified lines were used
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics Three melanoma tissues had different immune inflammation state (Inflamed, Excluded, Mixed).

Recruitment Melanoma tissues were only used for demonstrating the detection of immune cell population with T cell co-receptor and
ligands by using SABER-IMC.

Ethics oversight Samples were received from University Hospital Zurich, which was approved by the Ethikkommission Kanton Zurich (KEK-ZH-
Nr 2014-0425)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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