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p-ERK1/2, p-p90RSK and p-S6 in the MAPK-ERK-related pathways, and 
many phosphorylation sites involved in stress, inflammation and cell 
cycle regulation (Supplementary Table 4). We first examined the ability 
of this multiparametric ACE antibody panel to report on TCR signaling 
events using human Jurkat T cells harvested over a 1-h TCR stimulation 
timecourse (Supplementary Fig. 7). Compared with DNA-antibody 
without amplification, ACE enhanced signals of measured phospho-
rylation sites with an average amplification power of 17 times (Fig. 4a 
and Supplementary Fig. 7a,b) and an increase of dynamic range by 

tenfold (Supplementary Fig. 7c–e). Compared with conventionally 
labeled mass cytometry antibodies, ACE enabled signal amplification 
of seven times (Supplementary Fig. 8a). For the activating phosphoryla-
tion site on AKT, phosphothreonine 308, which did not show sufficient 
signal (ion counts) after linear ACE amplification, we performed one 
round of branching ACE to further increase the detection sensitivity 
by 15-fold (Fig. 4a).

Over the 1-h TCR stimulation timecourse, ACE was able to reveal 
differential signaling responses on TCR signaling mediators (Fig. 4b and 
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Fig. 3 | Multiplex ACE profiles molecular modulations induced by differential 
transcriptional factor expression levels during EMT and MET processes.  
a, Experimental workflow: mouse breast cancer Py2T cells were treated 
with TGFβ1 (4 ng ml−1) for 14 days before the stimulus was withdrawn. Cells 
were cultured in the absence of TGFβ1 for an additional 14 days. During the 
timecourse, Py2T cells were harvested on the days indicated posttreatment, 
barcoded and pooled into a single vial for simultaneous ACE amplification and 
subsequent mass cytometry analysis. Experiments were performed in biological 
replicates to confirm reproducibility. b,c, Dimensional reduction analysis with 
UMAP was performed on the data. Cells are color coded by treatment time (b) 
or abundance of measured markers after normalization (c) on UMAP plots. 
d, Pseudotime analysis with Scorpius was performed and plotted against the 
actual time posttreatment in a violin plot. e, Signed Scorpius analysis was used 

to study the molecular modulation trajectories of measured markers during the 
EMT–MET transitioning. f, Biaxial plots show the abundances of Zeb1 and cyclin 
B1 levels in each single cell during the MET process across the five indicated 
timepoints. Dashed lines indicate the gating strategy to distinguish the Zeb1 high 
cyclin B1 low populations and the Zeb1 low cyclin B1 high populations. g, Boxplots 
showing expression levels of a mesenchymal marker vimentin and two epithelial 
markers, E-cadherin and CK14, in the Zeb1 high cyclin B1 low populations and the 
Zeb1 low cyclin B1 high populations across the five MET timepoints. Boxplots 
present the first quartile (Q1), median and third quartile (Q3). The interquartile 
range (IQR) defines distance between Q1 and Q3. The upper whisker extends from 
the hinge to the largest value no further than 1.5 × IQR from the hinge. The lower 
whisker extends from the hinge to the smallest value no further than 1.5 × IQR of 
the hinge. Data beyond the end of the whiskers are plotted individually.
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Supplementary Fig. 7b). Our data showed that phosphorylation of CD3ζ 
and ZAP70/SYK peaked at 0.5 min upon TCR stimulation, consistent 
with activation of these proteins immediately following TCR stimula-
tion. Notably, indicators of MAPK/ERK pathway activation—p-MEK1/2, 
p-ERK1/2 and p-p90RSK—showed sustained signaling activities that 
started to decline only 30 min after TCR stimulation (Fig. 4b). As a 
negative control, we observed that p-SMAD2 did not respond to TCR 
stimulation35, further validating the reliability of ACE for measuring 
specific TCR-induced changes in signaling (Fig. 4b). By analyzing the 
signaling trajectory of p-AKT (p-T308) over the 1-h TCR stimulation 
timecourse, we found that branching ACE could uncover a ~1.5-fold 
signal amplitude on that phosphorylation site. The nonamplified p-AKT 
(p-T308) antibody lacked the sensitivity to capture the AKT signaling 
trajectory, which was instead dominated by technical noise (Fig. 4c). 
To further verify the dynamics of signaling responses captured by ACE, 
we compared ACE-amplified mass cytometry results with data acquired 
from flow cytometry using fluorescently labeled conventional antibod-
ies. Phosphorylation levels of p-ZAP70/SYK, p-SLP76 and p-ERK1/2 in 
Jurkat cells were measured using both approaches and showed similar 
amplitudes upon stimulation (Supplementary Fig. 8b).

To systematically quantify the strength of signaling relationships 
in the TCR signaling networks, BP-R2 analysis6 was performed on all 
pairs of measured phosphorylation sites. This identified 73 strong 
relationships (BP-R2 above 0.775), which were used to reconstruct 

a TCR signaling network (Fig. 4d). As expected, the data recapitu-
lated p-ERK1/2 as an essential signaling node in the TCR network, as it 
connects the upstream TCR responses transduced by p-ZAP70/SYK, 
p-SLP76 and p-MEK1/2 to downstream effectors, including p-p90RSK 
and p-S6 (refs. 36,37) (Fig. 4d). Notably, our data also showed that, fol-
lowing TCR engagement, most of the TCR-stimulated phosphorylation 
sites had a lower coefficient of variation among all of the individual cells 
compared with the unstimulated control or cells that had returned to 
steady state 1 h after TCR stimulation (Fig. 4d). This suggests a high 
degree of basal signaling heterogeneity, which was reduced upon 
TCR stimulation.

As noted from previous studies32,33 and reproduced in our results, 
signaling levels and heterogeneity in primary T lymphocytes, especially 
in their basal states, were more problematic to quantify with conventional 
mass cytometry compared to Jurkat T cells (Supplementary Fig. 8c). We 
used branching ACE to amplify signals of TCR-related phosphorylation 
sites in primary human CD4+ T cells harvested over a 1-h TCR stimulation 
timecourse and analyzed these cells with mass cytometry. Compared 
with the conventional approach, ACE enhanced the signals for meas-
ured sites by ten times and thus allowed characterization of signaling  
states and kinetics in primary human T cells (Supplementary Fig. 8c–e).

In summary, our results illustrate that ACE enabled a comprehen-
sive analysis of TCR signaling networks at single-cell resolution, which 
has been previously considered challenging.
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Fig. 4 | ACE enables comprehensive TCR signaling network profiling at single-
cell resolution. a, Thirty key markers related to the TCR signaling network in 
the human Jurkat T cells were measured with or without ACE amplification and 
plotted as green or blue boxes, respectively. Mean ion counts for unamplified 
and linear amplified staining were indicated by the green and blue points 
with lines between them color coded according to amplification fold change. 
Boxplots present the first quartile (Q1), median and third quartile (Q3) in 
unamplified or linear amplified data. The IQR defines the distance between Q1 
and Q3. The upper whisker extends from the hinge to the largest value no further 
than 1.5 × IQR from the hinge. The lower whisker extends from the hinge to the 
smallest value no further than 1.5 × IQR of the hinge. ACE enabled, on average, 
17-fold and a maximum of 41-fold signal amplification. The signal from p-AKT 
(p-T308) was analyzed with an additional ACE branching amplification (shown 
as a red box) with 15-fold higher p-AKT (p-T308) counts after the branching 
amplification. b, Jurkat cells treated with anti-CD3 and anti-CD28 antibodies, 
and subsequently crosslinked with anti-mouse IgG antibody to activate TCR 
signaling. Cells were harvested at 0, 0.5, 2, 5, 10, 15, 30 and 60 min after TCR 

activation. Linear amplification allowed the quantification of key signaling 
nodes in the TCR network during the 1-h TCR stimulation timecourse. Negative 
control p-SMAD2 did not show differential phosphorylation levels as measured 
with ACE. c, Signal responses of p-AKT (p-T308) to TCR activation were analyzed 
without amplification (bottom), with linear amplification (middle) and with 
branching amplification (top). Fold changes in the p-AKT signal relative to 
the first timepoint (unstimulated) were calculated and showed that only with 
branching ACE could the signaling trajectory be captured. d, Circos plot shows 73 
pairs of strong signaling relationships in the TCR signaling networks as detected 
with the BP-R2 method on the TCR stimulation timecourse data measured by ACE 
(inner layer). The middle layers show the coefficients of variation of measured 
phosphorylation sites at all timepoints following TCR stimulation and the 
signal amplitude for each phosphorylation site. The outer layer demonstrates 
the signaling trajectory for each marker, characterized by normalized mean 
ion counts across all timepoints during the TCR stimulation timecourse. Cells 
used in these analyses were in G1 phase to avoid cell cycle confounding effects. 
Experiments were performed in biological replicates to confirm reproducibility.

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02316-x

POF samples modulate immunological signaling network 
responses
Extensive tissue injury caused by trauma or major surgical procedures 
has long been linked to the late development of an immunosuppres-
sive state, characterized by prolonged inflammation, refractory T cell 
responses and some degree of T cell death38–40. This phenomenon of 
injury-induced T cell paralysis and death appears to be induced by some 
combination of wound-related cytokines/chemokines and/or mono-
nuclear cells, although the process is incompletely understood41,42. 
We applied ACE to further characterize the inhibitory regulation of 
T cell signaling in response to cues originating in the environment 
surrounding sites of tissue injury by coculturing T cells with human 
patient postoperative drainage fluid (POF). The immunosuppressive 
properties of the POF samples were first assessed using dye-based T cell 
proliferation assays. Signaling responses were subsequently assessed 
using the immune-based 30-parameter ACE protein phosphorylation 
panel (Fig. 5a).

We found POF1 reduced T cell proliferation, compared with 
the medium-only control, suggesting a highly immunosuppressive  
environment caused by this POF sample. POF2 inhibited T cell prolifera-
tion to a lesser degree than POF1, consistent with moderate immuno-
suppression, whereas POF3 did not demonstrate any T cell inhibitory 
effects (Fig. 5b and Supplementary Fig. 9).

We next analyzed the signaling dynamics of measured phospho-
rylation sites in the TCR signaling network profiling using ACE, and 

characterized the peak signaling times and total signaling integrals 
(that is, areas between the signaling trajectory (AUC) and half-maximal 
point (HMP); Fig. 5c–e; Methods). In most of the proximal TCR signal-
ing and MAPK/ERK nodes, including p-ZAP70/SYK; p-SLP76; p-PLC-γ1; 
p-BTK/ITK; p-STAT-1, -3 and -5; p-MEK1/2; p-ERK1/2; p-p90RSK and p-S6, 
we observed a decrease in total signaling responses and a shift towards 
earlier peak times in POF1 and POF2 cotreated samples, compared with 
the medium-only control and POF3 cotreatment (Fig. 5c–e). Similarly, 
POF1 and 2 cotreatments resulted in suppression of cyclin E, cyclin B, 
p-CDK1 and p-HH3 compared with POF3 and the medium control. Taken 
together, these data indicate that POF1 and POF2 cotreatment caused 
a reduced and more transient TCR signaling response to anti-CD3/
anti-CD28, leading to a net reduction in proliferative signals compared 
with the control. These findings are consistent with a requirement for 
sustained MAPK/ERK activation for T cell proliferation43,44, in good 
agreement with our observations from the T cell proliferation assay 
(Fig. 5b and Supplementary Fig. 9). Finally, these results demonstrate 
that ACE-based TCR signaling network profiling can be used to explore 
molecular mechanisms underlying immunosuppression after tissue 
injury at single-cell resolution, with the potential to identify targets 
for future therapeutic intervention.

Signal amplification for IMC multiparametric spatial analyses
Substantial autofluorescence of renal tissue45 restricts the use of 
fluorescence-based multiparametric imaging approaches46–48  
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Fig. 5 | ACE characterizes T cell signaling network dynamics modulated by 
POF sample cocultures. a, Proliferation and TCR signaling effects of POF on 
human T lymphocytes were assessed using dye dilution and flow cytometry, 
and through the ACE-based 30-plex TCR signaling mass cytometry analysis, 
respectively. b, Percentage of proliferative T lymphocytes after treatment with 
anti-CD3/anti-CD28 beads or with indicated POF samples. Data are presented as 
mean values ± s.d.; n = 3 individual experiments. ***P < 0.001 using a two-tailed 
t-test); ***P value = 0.0000832. c, TCR stimulation was performed in the  
presence of POF or medium control. The cells were fixed 0, 2, 5, 10, 15 and 30 min 

later, and analyzed by ACE. The timepoint when the maximal signal for each 
specific phosphorylation site was observed after TCR stimulation is shown.  
d, The integrated signal corresponding to each phosphorylation site across the 
stimulation timecourse was calculated as the AUC/HMP. This differs across all 
POF treatment conditions and the medium-only control as indicated by circle 
size and color. e, Signaling trajectories for p-CD3ζ, p-ZAP70, p-SLP76, p-BTK/ITK, 
p-ERK1/2 and p-S6 for each POF sample and the medium-only control are shown. 
Dashed lines indicate HMP signals; shading defines the AUC/HMP.
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in the spatial profiling of proteins in histologic sections of the human 
kidney. IMC analysis is void of sample autofluorescence effects7. How-
ever, due to problems with instrument sensitivity and the lack of 
proper signal amplification methods, it has been reported that many 
antibodies showed poor signals on IMC despite their good perfor-
mances in immunohistochemistry11. As another application of ACE, 
we coupled our amplification approach with IMC to demonstrate a 
highly sensitive multiparametric spatial analysis for human kidney 
protein markers.

We established a 20-antibody panel, which included markers 
commonly used in immunohistochemistry, to assess human renal 
disorders (Supplementary Table 5). Validated antibodies were applied 
to a cryosection slide of the renal cortex from a patient with polycystic 
kidney disease, followed by a linear ACE amplification for all markers. 
We applied branching amplification to ten low-abundance kidney 
markers, further amplifying their signals for enhanced detection (Sup-
plementary Fig. 10a,b and Supplementary Table 5). After the detector 
hybridization, signals were acquired from the samples using an IMC 
instrument (Fig. 6a), reconstructed as multiparametric images (Sup-
plementary Fig. 10c), and are displayed as overlaid images (Fig. 6b). 
Fibronectin and α-smooth muscle actin (SMA) were observed in 

vesicular structures with three layers of mutually exclusive expression 
profiles: an inner layer of fibronectin+ endothelial cells and a middle 
layer of vesicular smooth muscle cells (α-SMA+) surrounded by an outer 
layer of fibroblasts (fibronectin+) (Fig. 6b and Supplementary Fig. 10c). 
Epithelial cells in the kidney tissue showed differential staining pat-
terns for various markers including EpCAM, ATP1A1, uromodulin, 
E-cadherin, aquaporin1 and aquaporin2. The presence of the tubular 
segment-specific makers, aquaporin1, uromodulin or aquaporin2 
identified cells in the proximal tubules, distal convoluted tubules and 
collecting ducts, respectively. The abundance of ATP1A1 varied across 
the tubular system, with stronger expression levels seen in the distal 
convoluted tubules and collecting ducts, compared with the levels 
of ATP1A1 in proximal tubules (Fig. 6b and Supplementary Fig. 10c). 
Vimentin, nephrin, fibronectin and CD31 were positive in clusters of 
cells through the section, revealing the structure of glomeruli. Nestin 
expression was detected with high heterogeneity in these glomeruli 
(Fig. 6b and Supplementary Fig. 10c). Strongly upregulated nestin 
levels indicate the gain of stemness in repopulating mesangial cells 
in kidney disorders49–51. The variance of glomeruli nestin levels in our 
sample potentially suggests different pathological stages of injury and 
repair within the same tissue.
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Fig. 6 | ACE enhances IMC-based multiparametric tissue profiling.  
a, Renal cortex tissue from a patient with polycystic kidney disease was used 
to demonstrate the application of ACE for IMC-based tissue imaging. Thermal-
cycling reactions were performed on glass slides. b, Simultaneously measured 
IMC channels were overlaid to demonstrate the high specificity of ACE in spatial 
tissue protein profiling. c, After single-cell segmentation, dimensional reduction 
analysis with UMAP was performed to project cells on a two-dimensional space. 
Cells are color coded by normalized abundances of measured markers on the 
plots. d, Using the Phenograph algorithm, 18 clusters of cells were identified  

and color coded on the UMAP plot. These cell classifications suggested 
phenotypical heterogeneity in six main renal tissue compartments (encircled 
with dashed lines). e, The mean expression level of each marker was computed 
for each cell cluster and is shown as a heatmap. f, The identity of every single 
cell as classified by Phenograph was illustrated on the segmentation mask to 
generate a pseudoimage showing the kidney tissue organization by identified 
cell type. Experiments were performed in replicates to confirm reproducibility. 
Scale bar, 200 μm.
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To further classify and quantify the cells profiled in our ACE–IMC  
analysis, we performed single-cell segmentation analysis using  
Mesmer52, and embedded the segmented cells into a two-dimensional 
UMAP plot that was colored by the expression level of each measured 
maker (Fig. 6c) or by the cell clusters identified using the Phenograph 
algorithm5 (Fig. 6d). We then computed the average abundance of each 
marker over all identified clusters (Fig. 6e). Cluster identities were also 
mapped to the single-cell mask to generate a pseudoimage colored by 
detected cell types (Fig. 6f). These analyses identified the glomerular 
compartment within the analyzed kidney section consisting of cells 
in cluster 17, with a subpopulation showing high nestin expression 
levels—a potential biomarker of mesangial expansion in this patient 
with polycystic kidney disease (Fig. 6c,d). The blood vessel compart-
ment was identified by the presence of endothelial cells and smooth 
muscle cells, indicated by clusters 1 and 13, respectively (Fig. 6c,d). In 
addition, our analyses delineated proximal tubules, distal convoluted 
tubules and collecting ducts in the renal tubular system that were well 
distinguished on the UMAP plot (Fig. 6d). Marker expression profiles 
varied within these tissue compartment (Fig. 6c,e), indicating tissue 
heterogeneity that could potentially lead to more defined cell type 
classification. Finally, a resident fibroblast compartment with high 
COL1A1 expression levels was also detected in our analysis (Fig. 6c,d 
and Supplementary Fig. 10c).

Overall, our results demonstrate the application of ACE to 
IMC-based multiparametric tissue imaging with enhanced sensitivity. 
We recapitulated known tissue compartments in the human kidney and 
revealed various spatial aspects of the pathological state in diseased 
human tissue.

Discussion
Here, we present ACE, which enables signal amplification in mass 
cytometry-based single-cell and spatial tissue analysis. ACE tags  
proteins of interest in single cells or tissue samples using antibodies 
conjugated with DNA barcodes, which in turn undergo repeated in situ 
extension under thermal-cycling conditions to generate long concate-
mers that allow hybridization and crosslinking of hundreds of detec-
tors on each antibody through CNVK-based ultrasensitive nucleic acid  
photocrosslinking. ACE showed superior efficiency (over 500 times  
signal amplification through branching), controllability, multiplexity 
and signal-to-noise ratio, compared with conventional signal amplifi-
cation approaches14,18,21. We demonstrated the high orthogonality of  
ACE probe sequences, which was verified in two independent multipara-
metric antibody panels, both with over 30 targets. Our results validated 
the compatibility of ACE for use in conjugation with mass-tag cellular 
barcoding, iridium DNA intercalation and regular mass cytometry 
antibody staining protocols. Finally, we applied ACE in high-sensitivity 
tissue profiling using IMC and showed that our approach is capable 
of characterizing pathological states in the human kidney under 
conditions where autofluorescence limits the use of conventional 
fluorescence-based imaging approaches45.

The ACE platform expands the coverage of mass cytometry analysis  
by allowing challenging questions in the realm of the low-abundance 
proteome to be addressed. Previously undetectable low-abundance 
markers, such as many transcription factors and rare phosphorylation 
sites, can now be quantified with enhanced sensitivity at single-cell res-
olution. In addition, ACE allows single-cell characterization of immune 
signaling responses, which has previously been considered problem-
atic to study at single-cell resolution9,10,32,34. Here, we showed a potential 
implementation of ACE in estimating the degree of immunosuppres-
sion in patient POF samples through high-profile single-cell TCR net-
work dynamic analysis. The use of ACE may also allow an improvement 
in the spatial resolution of IMC, particularly under conditions where 
signal loss resulting from reducing the laser ablation crater size can 
be compensated by the amplified ion abundances from a specific 
ACE-examined marker.

We noted a few limitations in ACE to be improved with future  
work. The current ACE reaction requires using detergent Triton X-100 
to permeabilize cells. Cell surface proteins have to be stained with 
compatible protocols before ACE-based signal amplification (Supple-
mentary Fig. 2a). Analysis of the low-abundance proteome is limited by 
current antibody availability. Low signal-to-noise ratio caused by poor 
antibody specificity cannot be improved by applying ACE. Neverthe-
less, for intracellular markers, particularly transcription factors and 
signaling proteins for which good antibodies exist, ACE has demon-
strated substantially increased sensitivity and accuracy, compared 
with conventional mass cytometry approaches. Our approach is par-
ticularly useful for low-abundance markers that are barely detectable 
or undetectable in conventional mass cytometric assays.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41587-024-02316-x.
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Methods
Cell culture
HEK293T cells, obtained from ATCC (CRL-3216), and Py2T cells, a gift 
from G. Christofori at the University of Basel26, were cultured in DMEM 
(Sigma, cat. no. D5671), supplemented with 10% FBS, 2 mM l-glutamine, 
100 U ml−1 penicillin and 100 µg ml−1 streptomycin. For cell passaging 
or harvesting, cells were incubated with 1× TrypLE Express (Life Tech-
nologies) for 2 min (HEK293T) or 10 min (Py2T) at 37 °C. Jurkat cells, 
obtained from ATCC (TIB-152), were cultured in RPMI-1640 medium 
(Gibco, cat. no. 52400025) supplemented with 10% FBS, 100 U ml−1 
penicillin and 100 µg ml−1 streptomycin.

Transfection
HEK293T cells were seeded at a density of 0.7 million per well in six-well 
plates. After 24 h, cells were transfected with 2 μg plasmid encoding 
ERK2–GFP53 and 4 μl of jetPRIME (PolyPlus) per well with the standard 
protocol provided by the manufacturer.

Inducing EMT and MET with TGFβ1 stimulation
Py2T cells were seeded at 15% confluency and cultured in medium con-
taining 4 ng ml−1 recombinant human TGFβ1 (BioLegend) for 14 days 
before TGFβ1 was withdrawn and cells were cultured continuously 
in regular medium for an additional 14 days. During the timecourse, 
Py2T cells were harvested on days 0, 1, 2, 3, 6, 9, 14, 17, 21, 24 and 28. For 
cell passaging and harvesting, the medium was replaced with 1× TrypLE 
to induce cell detachment. Paraformaldehyde (PFA, Electron Micros-
copy Sciences) was added to a final percentage of 1.6% for a 10-min 
incubation at room temperature (RT) to fix cells in their suspension. 
Crosslinked cells were washed twice with cell staining medium (CSM; 
PBS with 0.5% BSA, 0.02% NaN3) and, after centrifugation, ice-cold 
methanol was used to resuspend the cells, followed by a 10-min per-
meabilization on ice for long-term storage at −80 °C.

TCR stimulation
Jurkat cells or primary human CD4+ T lymphocytes were spun down and 
resuspended in 200 μl 4 °C RPMI medium and incubated with anti-CD3 
(Clone UCHT1 from BD Biosciences; 0.2 μg per 106 cells) and anti-CD28 
(Clone CD28.2 from BD Biosciences; 0.2 μg per 106 cells) antibodies for 
15 min on ice. Cells were then washed once and resuspended in 100 μl 
RPMI medium for 5 min incubation at 37 °C before the anti-mouse Ig 
antibody (Polyclonal Goat Anti-Mouse Ig from BD Biosciences, 0.4 μg 
per 106 cells) was added to crosslink the anti-CD3 and anti-CD28 anti-
bodies. For POF sample treatment, the anti-mouse Ig antibody was 
diluted directly in POF samples before the mixture was added to cells. 
Cells were then kept at 37 °C for 0, 0.5, 2, 5, 15, 30 or 60 min before 1.6% 
PFA was used for a 10-min fixation at RT. Cells were then washed and 
permeabilized with 100% ice-cold methanol for 10 min for long-term 
storage at −80 °C.

T cell proliferation assays
In the T cell proliferation assay, primary T lymphocytes were isolated 
from peripheral blood of healthy donors using human Pan T Cell nega-
tive Isolation Kit (Miltenyi Biotec). Isolated T cells were labeled at the 
concentration of 5 × 106 cells ml−1 with 5 µM CellTrace Violet (Thermo 
Fisher). T cells were then stimulated with Dynabeads Human T-Activator 
CD3/CD28 (Thermo Fisher) at a ratio of 3.75 µl beads per 150,000 cells 
and cultured in the presence of one of three individual POF samples at 
a 1:2 dilution with RPMI medium, or with a RPMI medium-only control. 
Cell proliferation was assessed 4 days later by flow cytometry measure-
ments of CellTrace Violet dye dilution. All conditions of experiments 
were performed with three individual sample replicates.

Antibody conjugation
We have described the oligonucleotide–antibody conjugation method 
elsewhere21. In brief, initiators were ordered through IDT as 5′-thiolated 

oligonucleotides and were dissolved in IDTE (pH 8.0) at 1 mM con-
centration (Supplementary Table 1). For each conjugation, 10 nmol 
oligonucleotides (10 μl from the stock) were reduced in PBS contain-
ing 100 mM TCEP (Sigma-Aldrich) and 0.55 mM EDTA at 37 °C for 1 h, 
followed by washing five times with PBS in a 3-kDa Amicon filter to 
remove the TCEP. Antibodies were washed twice in a 50-kDa Ami-
con filter before five times excessive amount of SM(PEG)2 crosslinker 
(Thermo Fisher) was added directly to the filter for a 2-h incubation at 
4 °C. Antibodies were then washed three times with PBS. Next, reduced 
oligonucleotides were added to the 50-kDa Amicon filter containing 
SM(PEG)2-modified antibodies at a 5:1 (oligonucleotide:antibody) 
molar ratio. The mixture was kept at 4 °C overnight and was washed 
five times the next day with PBS to remove excessive oligonucleotides. 
Antibody–oligonucleotide conjugates in the residue volume were 
collected and the antibody concentration was measured using Qubit 
protein assay (Thermo Fisher). At least 50% of Candor PBS Antibody 
Stabilization solution (Candor Bioscience GmbH) was used to dilute 
antibodies for long-term storage at 4 °C. Antibodies used in this study 
were listed in Supplementary Tables 3–5. Antibodies were validated 
thoroughly by the venders and in previous studies6,19,21,54,55.

Detection oligonucleotide conjugation
The detector was ordered from GeneLink with an internal CNVK modi-
fication, a 5′-end thiol modification and an optional 3′-end Cy5 modi-
fication for flow cytometry verification experiments (Supplementary 
Table 1). The detector conjugation protocol was adapted from ref. 56; 
5 nmol detection oligonucleotides were incubated with 50 mM TCEP 
in a total volume of 50 μl at RT for 30 min. Ethanol precipitation was 
then performed on reduced detectors, in which 140 μl water, 20 μl 3 M 
sodium acetate (pH 5.3) and 600 μl pure ethanol were added to the 
oligonucleotide mixture before it was transferred to a −80 °C freezer 
for overnight precipitation. On the second day, the oligonucleotide was 
taken from the −80 °C freezer and centrifuged at 14,000g for 30 min at 
4 °C. We then washed the oligonucleotide pellet in ice-cold 75% ethanol 
before it was centrifuged at 14,000g for another 10 min at 4 °C. Next, 
the pellet was air dried and subsequently dissolved in 100 μl C buffer 
(Standard BioTools Maxpar X8 Antibody Labeling Kit). Nanodrop was 
used to determine the oligonucleotide concentration. In parallel, a tube 
of DTPA polymer was taken from the Standard BioTools Maxpar X8 Anti-
body Labeling Kit; 95 μl L buffer and 5 μl isotope solution were added to 
the polymer before an incubation at 37 °C for 30 min. The mixture was 
then transferred to a 3-kDa Amicon filter, supplemented with 200 μl 
L buffer, and centrifuged at 12,000g for 25 min at RT; 300 μl C buffer 
was used to wash the metal polymer in a 30-min 12,000g centrifuga-
tion step at RT. Next, the reduced oligonucleotide and the chelated 
metal polymer were mixed in an Eppendorf tube for a 2-h incubation 
at RT before TCEP was added to the final concentration of 5 mM for an 
additional incubation for 30 min. Finally, the conjugated detectors 
were washed twice with ddH2O in a 30-kDa Amicon filter before deter-
mining the oligonucleotide concentration on a nanodrop. ddH2O was 
used to dilute the oligonucleotide to 10 μM for 4 °C (short-term) or 
−20 °C (long-term) storage.

Mass-tag barcoding, antibody staining and ACE amplification 
for single-cell suspensions
PFA-crosslinked and methanol-permeabilized cells were washed three 
times with CSM and once with PBS. Cells were incubated in PBS contain-
ing barcoding reagents (102Pd, 104Pd, 105Pd, 106Pd, 108Pd, 110Pd, 113In and 115In) 
at a final concentration of 100 nM for 30 min at RT and then washed 
three times with CSM3. Barcoded cells were then pooled and stained 
with the oligonucleotide-conjugated antibody mix (Supplementary 
Tables 3 and 4) in CSM containing 0.5% dextran sulfate and 4 mM EDTA 
at RT for 1 h. The antibody mixture was removed by washing cells three 
times with CSM and once with PBST (0.1% Triton X-100 dissolved in PBS) 
before 5 mM BS(PEG)5 crosslinker (Thermo Fisher) in PBST was applied 
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to crosslink the antibodies for 10 min. Subsequently, the crosslinker 
was quenched in a 5-min incubation with 0.1 M glycine in PBST and 
cells were further washed twice with PBST. Next, an extension mixture 
was prepared that contained 10% (v/v) ThermoPol Reaction Buffer 
(NEB), 0.2 mM dA/C/TTP (NEB), 1 μM extender strands (Supplementary 
Table 1), 1,200 units ml−1 Bst DNA Polymerase (NEB). Cell pellets were 
resuspended in the extension mix and redistributed into PCR tubes 
with a maximal volume of 75 μl for each tube. The extension reaction 
was then performed on a thermal cycler with desired number of cycles 
(500 for the experiment in Fig. 2b, 100 for all other ACE experiments in 
cell suspensions) of extension (22 °C for 40 s) and denaturing (58 °C for 
20 s). Next, cells were taken from the thermal cycler and washed with 
PBST three times at RT and an additional three times at 58 °C. Detectors 
or branching primers were diluted in PBST at final concentrations of 
100 nM before being added to the cells for a 30-min incubation at RT. 
Cells were then washed with PBST three times at RT and once at 37 °C 
before being exposed to 365-nm UV for 5 s under a LED UV flashlight 
(Electro-Lite LED-200). Cells were further washed with PBST three times 
at RT and once at 58 °C to remove uncrosslinked detection or branch-
ing primers. For experiments involving branching, cells were then 
resuspended in extension mixture and amplified through 50 thermal 
cycles before the detectors were applied. In the experiments performed 
in Fig. 2b and Fig. 2f, conventional secondary antibodies conjugated 
directly with the Maxpar X8 Antibody Labeling Kit (Standard BioTools) 
were applied to the cells that had already undergone ACE thermal 
cycling. After a 1-h incubation at RT, cells were washed three times in 
CSM and once in PBST to remove the excessive secondary antibodies. 
Finally, DNA staining was performed: iridium-containing intercalator 
(100 nM, Standard BioTools) diluted in PBS with 1.6% PFA was incu-
bated with the cells at 4 °C overnight. On the day of measurement, the 
intercalator solution was removed and cells were washed with CSM, 
PBS and ddH2O. After the last washing step, cells were resuspended in 
ddH2O and filtered through a 70-μm strainer.

E. coli staining and ACE amplification
The wild-type E. coli DH5α strain or the GFP-expressing E. coli 
(25922GFP, ATCC) strain were centrifuged at 7,000g and resuspended 
in 4% PFA for a 10-min fixation. E. coli cells were washed three times 
with PBS before being permeabilized in 70% ethanol for 1 h at RT and 
washed three times with PBS. Cell walls were partially digested by 
an incubation in 25 μg ml−1 lysozyme in TEG buffer (25 mM Tris-HCl, 
10 mM EDTA and 50 mM glucose) for 10 min at RT and washed three 
times with PBS. CSM was used as a blocking agent for 30 min before 
the oligonucleotide-conjugated anti-GFP antibody was applied to 
the cells in PBS containing 0.5% dextran sulfate and 4 μM EDTA for a 
1-h incubation. Cells were washed three times in CSM and once with 
PBST before being fixed with 5 mM BS(PEG)5 for 30 min then quenched 
with 0.1 M glycine. Branching amplification was performed using the 
No. 29–1 and No. 1–20 branching oligos (Supplementary Table 1) using 
protocols described above before the detector 20* strand was added 
and crosslinked after UV exposure. As in the mammalian cell staining, 
iridium-containing intercalator (100 nM, Standard BioTools) in PBS 
with 1.6% PFA was incubated with the cells at 4 °C overnight. On the day 
of measurement, cells were washed with CSM, PBS and ddH2O before 
being resuspended in ddH2O and filtered through a 70-μm strainer.

Suspension mass cytometry analysis
EQ Four Element Calibration Beads (Standard BioTools) were added 
to cell suspensions at a 1:10 ratio (v/v). Samples were analyzed on a 
Helios (Standard BioTools) connected to a Super Sampler (Victorian 
Airship). The manufacturer’s standard operation procedures were 
used for acquisition at a cell rate of ~100 cells per second. CyTOF Soft-
ware (Standard BioTools) was used for mass cytometry data collec-
tion. After acquisition, all FCS files from the same barcoded sample 
were concatenated3. Data were then normalized and bead events were 

removed57 before doublet removal and debarcoding of cells into their 
corresponding wells using a doublet-filtering scheme and single-cell 
deconvolution algorithm28. Subsequently, data were processed using 
Cytobank (http://www.cytobank.org/). Additional gating on the DNA 
channels (191Ir and 193Ir) was used to remove remained doublets, debris 
and contaminating particulates.

ACE amplification on tissue slide and IMC analysis
Human kidney cryosection tissue slides were purchased from Ori-
Gene (Sample ID: FR0002ED32). On the day of experiment, the cryo-
section slides were rinsed briefly with PBS before the tissues were 
crosslinked with 4% PFA during a 15-min incubation. Slides were then 
rinsed again with PBS and incubated with the blocking/permeabiliza-
tion buffer (PBS with 5% BSA and 0.3% Triton X-100) for 30 min. The 
oligonucleotide-conjugated antibody mixture (Supplementary Table 5) 
was prepared by diluting antibodies in the blocking/permeabilization 
buffer supplemented with 0.02% dextran sulfate and 4 mM EDTA. The 
mixture was applied on tissue samples for an overnight incubation at 
4 °C. On the next day, the antibody mixture was removed by three 5-min 
washing steps with PBST before 5 mM BS(PEG)5 crosslinker (diluted in 
PBST) was applied for a 10-min incubation to crosslink the antibod-
ies. Subsequently, the crosslinker was quenched by 0.1 M Glycine in 
PBST for 5 min. Tissues were further washed three times (5 min each) 
with 60% formamide in PBST and rinsed once with PBST. An extension 
mixture was prepared that contained 10% (v/v) ThermoPol Reaction 
Buffer (NEB), 0.2 mM dA/C/TTP (NEB), 1 μM extender strands (Sup-
plementary Table 1), 1,200 units ml−1 Bst DNA Polymerase (NEB). A 
removable 3-well silicone chamber (80381, ibidi) was transferred on 
each tissue slide and pressed with force to ensure tight adhesion to 
the slide. Extension mixture (200 μl) was added to each tissue sample 
encircled by the silicone gasket before the lid of the original silicone 
chamber was applied. The extension reaction was then performed on 
a flat-top thermal cycler (Eppendorf Mastercycler Nexus Flat) with 
the desired number of cycles (220 for the experiments in Fig. 6) of 
extension (22 °C for 70 s) and denaturing (58 °C for 60 s). Next, slides 
were taken from the thermal cycler, washed three times (5 min each) 
with 60% formamide in PBST and rinsed once with PBST. Branching 
primers were diluted to final concentrations of 500 nM in 2× SSCT 
containing 10% dextran sulfate and 30% formamide before being 
added to the tissue slides for a 30-min incubation at RT. Samples were 
then washed with PBST containing 30% formamide three times at RT 
before being exposed at 365-nm UV for 5 s under a LED UV flashlight 
(Electro-Lite LED-200). An extension mixture was prepared and added 
to the samples to extend the branching oligos with the desired number 
of cycles (220 for the experiments in Fig. 6) using the same conditions 
as in the primary extension. After thermal cycling, slides were washed 
three times (5 min each) with 60% formamide in PBST and rinsed once 
with PBST. Detectors were diluted in PBST to final concentrations of 
200 nM before being added to the slides for a 30-min incubation at 
RT. Tissues were then washed with PBST three times at RT before being 
exposed at 365-nm UV for 5 s. Finally, DNA staining was performed; 
iridium-containing intercalator (500 nM, Standard BioTools) diluted 
in PBST was applied to the tissues for a 30-min incubation followed 
by washing three times with PBST and a brief rinse with ddH2O. The 
samples were left to dry and stored at RT before images were acquired 
using a Hyperion XTi Imaging System (Standard BioTools) at the abla-
tion frequency of 800 Hz. CyTOF Software (Standard BioTools) was 
used for imaging mass cytometry data collection.

Quantification and statistical analysis
Suspension mass cytometry data preprocessing. Raw ion counts 
were transformed using the inverse hyperbolic sine transform with 
a cofactor of 5:

data = arcsinh(dataraw/5)

http://www.nature.com/naturebiotechnology
http://www.cytobank.org/
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Except where use of raw data values is specifically noted, all visu-
alizations and analyses were performed using transformed data.

IMC data preprocessing and single-cell segmentation. Single-cell 
segmentation was performed on IMC images using the DeepCell  
Mesmer machine learning-based segmentation model52. DNA inter-
calator ions 191Ir and 193Ir were used to indicate the nuclei, whereas  
aquaporin1, aquaporin2, ATP1A1, α-SMA, vimentin and uromodulin 
were used as cytoplasmic segmentation markers. Segmented single- 
cell masks were imported into CellProfiler58 where objects with  
fewer than 30 pixels were removed and ion counts of all pixels in a 
segmented cell were averaged for each analyzed marker.

UMAP analysis. UMAP analysis30,59 was performed with the Package 
‘umap’ in R. Parameters used for the analysis in Fig. 3b,c are listed as 
follows: n_neighbors = 100, min_dist = 0.4. Parameters used for the 
analysis in Fig. 6c,d are listed as follows: n_neighbors = 10, min_dist = 0.1.

Scorpius analysis. Scorpius31 pseudotime reconstruction was per-
formed with the Package ‘SCORPIUS’ in R. Signed Scorpius was done 
by first reconstructing the pseudotime using all cells regardless of EMT 
or MET status and then assigning cells in the first 14 days of treatment 
(EMT cells) as negative in the pseudotime.

BP-R2. BP-R2 analysis6 was used as a measure of the strength of signal-
ing relationships. The threshold of BP-R2 score to determine a strong 
relationship is a sum of 6.2 over the eight TCR stimulation timepoints, 
or an average BP-R2 score of 0.775 for each pair of measured phospho-
rylation sites.

Signaling integral analysis. In the signaling integral measurement 
in Fig. 5d, the mean ion counts for each measured phosphorylation 
site over the timecourse were first calculated, as presented in the 
signaling trajectories in Fig. 5e. The highest mean ion counts across 
all treatment condition over the timecourse was divided by two to 
calculate a HMP. Signal integral was then computed as the size of the 
area under the signaling trajectory and above the HMP level using 
trapezoid integration.

Phenograph clustering. Cell clustering was performed with the  
Phenograph algorithm5 using the Package ‘Rphenograph’ in R. All 
analyzed markers were used to generate the Phenograph clusters and 
the parameter of nearest neighbors was set as 20.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All raw data are available at https://community.cytobank.org/ 
cytobank/projects/1561 (ref. 60).

Code availability
Code is available on GitHub at https://github.com/xiaokanglun/ACE 
(ref. 61).

References
53.	 Lun, X.-K. et al. Analysis of the human kinome and phosphatome 

by mass cytometry reveals overexpression-induced effects  
on cancer-related signaling. Mol. Cell 74, 1086–1102.e5  
(2019).

54.	 Krishnaswamy, S., Zivanovic, N., Sharma, R., Pe’er, D. & 
Bodenmiller, B. Learning time-varying information flow from 
single-cell epithelial to mesenchymal transition data. PLoS ONE 
13, e0203389 (2018).

55.	 Wade, J. D., Lun, X.-K., Zivanovic, N., Voit, E. O. & Bodenmiller, B. 
Mechanistic model of signaling dynamics across an  
epithelial mesenchymal transition. Front. Physiol. 11, 579117 
(2020).

56.	 Duckworth, A. D. et al. Multiplexed profiling of RNA and protein 
expression signatures in individual cells using flow or mass 
cytometry. Nat. Protoc. 14, 901–920 (2019).

57.	 Finck, R. et al. Normalization of mass cytometry data with bead 
standards. Cytometry. A 83, 483–494 (2013).

58.	 Stirling, D. R. et al. CellProfiler 4: improvements in speed, utility 
and usability. BMC Bioinf. 22, 1–11 (2021).

59.	 McInnes, L., Healy, J. & Melville, J. UMAP: uniform manifold 
approximation and projection for dimension reduction.  
Preprint at arXiv https://doi.org/10.48550/arxiv.1802.03426 
(2018).

60.	 Lun, X. K. et al. Signal amplification by cyclic extension  
enables high-sensitivity single-cell mass cytometry (datasets). 
https://community.cytobank.org/cytobank/projects/1561  
(2024).

61.	 Lun, X. K. et al. Signal amplification by cyclic extension enables 
high-sensitivity single-cell mass cytometry (source code).  
https://github.com/xiaokanglun/ACE (2024).

Acknowledgements
We would like to thank the Yin laboratory for support and fruitful 
discussions, X. Wang and R. A. Rogers at Harvard T.H. Chan School of 
Public Health and Rogers Imaging Corporation, and E. Zigon at the 
Imaging Core at Wyss Institute for support and troubleshooting help. 
We thank P. Prabhala for assistance with cell stimulation experiments. 
We acknowledge funding from National Institutes of Health (under 
grant nos. ES028374 and CA226898 to M.B.Y. and UG3HL145600, 
UH3CA255133, DP1GM133052, R01GM124401, RF1MH124606 and 
RF1MH128861 to P.Y.). X.-K.L.’s research is funded by the Swiss National 
Science Foundation (SNSF) Early Postdoctoral Mobility Fellowship 
Nr. P2ZHP3_187754, a SNSF Postdoctoral Mobility Fellowship Nr. 
P400PB_199243. X.Y.’s research is funded by the Ovarian Cancer 
Research Alliance (OCRA) Mentored Investigator Grant and by 
a postdoctoral fellowship from the Ludwig Center for Molecular 
Oncology at MIT. C.Y.L and H.W.J’s research is supported by the 
Ontario Institute for Cancer Research through funding provided 
by the government of Ontario, Canada, the Natural Sciences and 
Engineering Research Council of Canada and the Canada Research 
Chairs program. Y.Z.’s research is funded by the Wyss Technology 
Development Fellowship.

Author contributions
X.-K.L. conceived and led the study, designed and performed 
experiments, analyzed data and wrote the manuscript. K.S. conceived 
and developed the ACE chemistry. X.Y. designed and performed 
POF coculture experiments. C.Y.L. performed the IMC measurement 
and imaging data preprocessing. G.G. analyzed data. M.S. validated 
antibodies for kidney tissue analyses. Y.Z., H.S., J.L. and Y.K. 
performed experiments. D.E.I. contributed expertise, supervision and 
experimental design. H.W.J. provided guidance, experimental design, 
technical support and supervision. M.B.Y. provided scientific and 
technical guidance, designed and performed experiments and edited 
the manuscript. P.Y. conceived and supervised the study, designed 
the experiments and wrote the manuscript. All authors edited and 
approved the final manuscript.

Competing interests
X.-K.L., K.S. and P.Y. are inventors on patent applications covering the 
ACE method. P.Y. is a cofounder, equity holder, board member and 
consultant of Ultivue, Inc., Spear Bio, Inc. and Digital Biology Inc.  
The remaining authors declare no competing interests.

http://www.nature.com/naturebiotechnology
https://community.cytobank.org/cytobank/projects/1561
https://community.cytobank.org/cytobank/projects/1561
https://github.com/xiaokanglun/ACE
https://doi.org/10.48550/arxiv.1802.03426
https://community.cytobank.org/cytobank/projects/1561
https://github.com/xiaokanglun/ACE


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02316-x

Additional information
Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41587-024-02316-x.

Correspondence and requests for materials should be addressed to 
Peng Yin.

Peer review information Nature Biotechnology thanks Jared Burks, 
Felix Hartmann, Jahangir Sufi and the other, anonymous, reviewer(s) 
for their contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02316-x
http://www.nature.com/reprints








κ

κ

γ

γ

β

α

β






