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A B S T R A C T   

Despite the dynamic development of cancer research, annually millions of people die of cancer. The human 
immune system is the major ‘guard’ against tumor development. Unfortunately, cancer cells have the ability to 
evade the immune system and continue to grow. The proper understanding of the intricate immune response in 
tumorigenesis remains the holy grail of cancer immunology and designing effective immunotherapy. To decode 
the immune responses in cancer, in recent years, proteomics studies have received considerable attention. 
Proteomics studies focus on the detection and quantification of proteins, which are the effectors of biological 
functions, and as such, are proven to reflect the cell state more accurately, in comparison to genomic or tran-
scriptomic studies. In this review, we discuss the proteomics studies applied to characterize the immune re-
sponses in cancer and tumor immune microenvironment heterogeneity. Further, we describe emerging single-cell 
proteomics approaches that have the potential to be applied in cancer immunity studies.   

1. Introduction 

In 2020, according to the International Agency for Research on 
Cancer, over 19 million new cases and 10 million deaths caused by 
cancer were estimated to occur worldwide. Breast, lung, and colorectal 
cancer (CRC) were assigned as the most commonly occurring types of 

cancer [1]. There are many known risk factors of cancer, both inde-
pendent from lifestyle e.g., genetic predisposition or random DNA mu-
tation, and lifestyle dependent such as tobacco smoking habits, lack of 
exercise and obesity, exposure to radiation, or poor diet [2]. Despite 
some differences in the mortality rate due to cancer between developed 
and developing countries, undeniably this issue concerns the global 
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population [1]. For some types of cancers, inflammation is associated 
with tumor development, either as a cause or a consequence of ongoing 
tumor growth. Regardless of the origin, the inflammation and immune 
cells in the tumor microenvironment (TME) play an important role in 
cancer development [3,4]. Helper T (Th) cells, essential moderators of 
the immune response, exhibit a dual role in cancer progression and 
immunity. The cluster of differentiation (CD)4+ T cells orchestrate im-
mune responses against tumors and can differentiate into different 
subsets within TME [5]. Th1 lymphocytes, as the main producers of 
interferon-γ (IFN-γ), play the major role in anti-tumor response by 
activating innate immune cells such as macrophages and natural killer 
(NK) cells, promoting proinflammatory phenotype of macrophages, and 
inducing expression of major histocompatibility complex (MHC) class II 
on the surface of antigen-presenting cells (APCs). In addition, Th1, via 
the production of IFN-γ, induce the differentiation of cytotoxic CD8+ T 
cells and inhibit T regulatory lymphocytes (Tregs) function [6]. Th2 
lymphocytes are the key players in host immunity and tissue repair 
signaling. Signatory cytokines produced by Th2 cells, interleukin (IL)-4, 
IL-5, IL-9, and IL-13, participate in B cell proliferation and immuno-
globulin E (IgE) production. They are also associated with the patho-
logical states of chronic inflammation e.g., asthma [7]. Their role in 
cancer clearance has been linked with the recruitment of eosinophils, 
neutrophils, and macrophages at tumor sites via IL-4 signaling [8]. 

Another subset of CD4+ T cells, Th17, are the main producers of IL- 
17 and play a key role in the host defense against pathogens, especially 
in the gut [9]. Th17 cells have been linked with the induction of a 
protumor environment [10], however, preclinical and clinical studies 
demonstrate that Th17 cells contribute to the recruitment of effector 
cells such as neutrophils to TME [11]. Therefore, the role of Th17 in 
cancer progression remains controversial and requires further studies 
[12]. On the other hand, Treg cells are a subpopulation of T cells that are 
engaged in sustaining immunological self-tolerance and homeostasis. 
They can suppress and downregulate the immune response, as such, they 
participate in promoting the tumor favorable conditions [9,13]. More-
over, Treg cells' phenotypic plasticity facilitates the conversion to 
different subsets with superior immunosuppressive activity such as IL-17 
producing Treg and latent-associated peptide (LAP)+ Treg cells [14]. 
More recently, other novel T cell subsets such as Th9, Th22, and 
follicular Th cells have been suggested to affect the TME with contro-
versial effects, regarding their anti-tumor or protumor activity [15,16]. 
Despite the great advance in cancer immunology in the last few years, a 
better understanding of the TME heterogeneity and the complexity of 
immune cell interactions is needed. 

Cancer immunotherapy with monoclonal antibodies (mAbs) that 
block the interaction of programmed cell death protein 1 (PD-1) with its 
ligand PD-L1 has shown clinical response in a wide range of solid and 
hematological cancers [17]. However, only a minority of patients 
exhibit dramatic positive responses. The low response rate can be linked 
to other immunosuppressive mechanisms and an array of factors 
affecting immunotherapy effectiveness such as tumor genomic insta-
bility, immune phenotype, level of inflammation, microbiome, T cell 
memory, or even sunlight exposure [18]. Therefore, a comprehensive 
understanding of the role of T cells in TME is needed to discover novel 
targets and biomarkers for the effective treatment of cancer. 

High-dimensional and high-throughput techniques are promising 
tools in unraveling this issue [19]. Omics-based strategies such as 
transcriptomics have been applied to uncover the immune surveillance 
mechanisms and immune profiling in various cancer types [20–23]. 
However, the knowledge about the mechanism of gene regulation at the 
posttranscriptional, translational, and posttranslational levels is still 
limited. Poor levels of concordance between changes in protein abun-
dance and mRNA expression have been reported, especially in CD4+ T 
cells [24,25]. Therefore, with steady progress in proteomics technology, 
proteomics analyses can provide a more comprehensive view of T cells' 
fate in cancer progression through simultaneous detection, identifica-
tion, and quantification of thousands of proteins in a single study. In 

particular, tandem mass spectrometry (MS) coupled with liquid chro-
matography (LC-MS/MS) provides an integrated system for proteomics 
analysis with improved sensitivity and moderate throughput [26,27]. 

Nowadays, two basic proteomics strategies are commonly used in 
cancer research: MS-based and antibody-based. Bottom-up proteomics is 
currently the predominant MS-based strategy, which is applied to dis-
covery research aiming at the deep identification of a given proteome in 
an exploratory and unbiased manner. In contrast, antibody-based stra-
tegies are widely used in targeted approaches, which can detect pre-
selected proteins from a given sample, ideally, with high sensitivity, 
selectivity, quantitative accuracy, and reproducibility. However, 
antibody-based approaches are limited by the number of proteins that 
can be detected simultaneously and the availability of antibodies. MS- 
based strategies can potentially detect hundreds or thousands of pro-
teins to establish novel biomarkers, potential drug targets, and other 
research efforts [28]. So far, neither of the two strategies has achieved 
the detection of the whole proteome. In this review, we focus on 
different proteomics approaches, including antibody-based and MS- 
based strategies, for immune characterization of cancer states with an 
emphasis on CD4+ T cells. Finally, we will present novel single-cell 
proteomics approaches with great potential in cancer immunology. 

2. A brief overview of proteomics 

Proteomics is a large-scale analysis of the sum of proteins from an 
organism, tissue, cell, or biofluid [29]. Clinical proteomics aims at un-
derstanding how their abundance, expression, localization, post-
translational modifications (PTMs), and molecular interactions cause 
disease to improve patient care [30]. Various protein identification 
techniques have been applied to study proteins involved in cancer for-
mation and progression such as flow cytometry (FC), mass cytometry 
(MC or CyTOF; cytometry by time-of-flight) [31,32], and immunohis-
tochemistry (IHC) [33]. However, these strategies are limited by their 
multiplexing capacity and the availability and quality of specific anti-
bodies [27]. 

Bottom-up proteomics is currently a predominant strategy that uti-
lizes protein digestion before MS analysis. The general sample prepa-
ration workflow in bottom-up proteomics (Fig. 1) consists of protein 
extraction, solubilization with detergents, reduction of disulfide bonds, 
alkylation of free cysteines, and lastly enzymatic digestion (normally 
trypsin) conducted in-solution or filter-aided. Then, obtained peptides 
are desalted with reversed phase C18 tips [34,35]. This workflow can be 
combined with fractionation steps at protein and peptide levels with 
different biochemical approaches such as two-dimensional electropho-
resis (2-DE), strong cation exchange, or enrichment of peptides with 
PTMs (e.g., phosphorylation, acetylation, glycosylation) [36]. The 
resulting mixtures of peptides are identified and quantified in the mass 
spectrometer by the analysis of mass-to-charge ratios of molecular ions. 

LC-MS/MS has revolutionized proteomics because of the great ad-
vances in reproducibility, high resolution, high mass accuracy, 
improvement of scanning modes, and excellent sensitivity. The combi-
nation of nano-LC technology or capillary electrophoresis with electro-
spray ionization (ESI) enables the identification and quantification of 
thousands of proteins from one single injection in high-resolution mass 
spectrometers [27,37,38]. This progress in clinical proteomics acceler-
ates the study of the underlying mechanisms of cancer as well as bio-
markers discovery and, at the same time, improves diagnostic, 
prediction, prognostic, and monitoring efficacy of novel immunother-
apies [26,39,40]. 

MS Imaging is a cutting-edge technology that incorporates matrix- 
assisted laser desorption/ionization time-of-flight (MALDI-TOF) with 
micrometer laser beams that shed on frozen or Formalin Fixed Paraffin- 
Embedded (FFPE) tissue samples. Each laser-excited spot generates 
ionized proteins/peptides which are generally identified by MALDI- 
TOF. Thus, tissue images are generated via a raster scan in which each 
spot is associated with its mass spectrum, providing the spatial 
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distribution and relative abundance of the analytes over the entire tissue 
section [41]. MS Imaging is mostly non-destructive and can be combined 
with histological staining to study regions of interest or digital PCR 
[42,43]. This technique can resolve the complexity of spatial protein 
patterns and other biomolecules (lipids, glycans, and metabolites) 
within the TME in an untargeted manner [44–47]. Interestingly, recent 
technical advances in laser resolution enable the measurement of ana-
lytes at the single-cell level [48]. However, its wider application is 
currently limited by the required heavy instrumentation, non- 
standardized workflows, and its suboptimal quantification capability 
[49]. 

Another approach is top-down proteomics that identifies intact 
proteins by the combination of different protein separation techniques 
with LC-MS/MS, where the proteins are ionized and subsequently 
fragmented. However, the sensitivity is about 100-fold lower than 
bottom-up proteomics with lesser proteomic coverage and throughput 
due to its lower efficiency to fragment intact proteins [50,51]. 

3. MS-based proteomics approaches applied to study immune 
responses in cancer 

Upregulation of immune checkpoints (IC) such as cytotoxic T cell 
antigen-4 (CTLA-4) and PD-1 molecules within the TME is considered as 

the major immunosuppressive mechanism that inhibits effector T cell 
functions [52]. Apart from that, the TME is enriched in soluble factors 
such as tumor growth factor-β (TGF-β), IL-10, and CD73-derived aden-
osine which potently suppress T cell anti-tumor functions and promote 
the conversion of naïve CD4+ T cells into Tregs [53,54]. Moreover, 
metabolic restriction of T cells by nutrient competition from tumor cells 
inhibits effector T cell anti-tumor functions [55]. MS-based discovery 
proteomics can contribute to elucidating the most relevant proteins, 
molecular mechanisms, and pathways involved in immunosuppression, 
which will lead to the identification of novel targets for potential 
immunotherapy. This section describes various MS-based proteomics 
approaches and their application in the analysis of the immune re-
sponses in cancer by characterization of T cells, the tumor-infiltrating 
lymphocytes (TILs) as well as biofluids in mice models and clinics. 

3.1. The potential of MS-based proteomics approaches in preclinical 
cancer model studies for discovery research 

Preclinical studies in mice models are an essential milestone towards 
novel therapeutic strategies in humans as well as to uncover molecular 
mechanisms involved in the disease progression. Despite the great po-
tential of proteomics to discover novel therapeutic targets, proteomics 
analysis has not been broadly applied in mice models in the research 

Fig. 1. Bottom-up proteomics workflow. Protein mixtures are extracted from patient samples, tumor model samples, or cell culture. Proteins are solubilized, disulfide 
bonds are reduced, free cysteines are alkylated, and proteins are digested with enzymes. Alternatively, proteins and peptides can be fractionated or enriched in 
posttranslational modifications (PTMs). Peptide mixture is desalted with reversed phase C18 tips and prepared for tandem mass spectrometry coupled with liquid 
chromatography (LC-MS/MS) analysis. LC separates peptides that are ionized by electrospray ionization (ESI) and analyzed in the mass spectrometer, generating MS1 
and MS2 spectra. Data visualization and analysis allow the identification and quantification of differentially expressed proteins as well as the identification of 
enriched pathways and protein interaction networks. Proteomics analysis has several applications in cancer research such as the discovery of underlying molecular 
mechanisms, therapeutic targets, and biomarkers as well as improvement of diagnostics, prediction, prognostic, and therapy monitoring. 
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field of cancer immunology. Interestingly, a few bottom-up proteomics 
studies exemplify its ability to characterize T cells originating from 
spleen and lymph nodes in cancer mice models, providing novel insights 
in this field. For instance, proteomics analysis of T cells in a mice model 
of colitis-associated colorectal cancer (CAC) demonstrated that sirtuin 5 
(SIRT5) downregulates numerous proteins related to the T cell receptor 
signaling pathway and enhances immunosuppressive Treg cell differ-
entiation. However, further studies are needed to evaluate the broader 
role of SIRT5 in cancer immunotherapy. In addition, bottom-up prote-
omics analysis can be applied to reveal PTMs involved in tumor 
immunosuppression. MS-based proteomic analysis of SIRT2- 
immunoprecipitated proteins and acetyl-lysine peptides demonstrated 
that SIRT2 suppresses key metabolic enzymes by deacetylation in T 
cells, promoting a T cell exhausted phenotype. These findings were 
validated in melanoma and lung cancer mice models as well as in vitro in 
T cells originating from healthy donors and TILs isolated from non-small 
cell lung cancer patients, which revealed that pharmacologic inhibition 
of SIRT2 can enhance cancer immunotherapies [56]. Interestingly, the 
sirtuins family has been associated with cancer progression and metas-
tasis through different mechanisms [57–59]. Application of bottom-up 
proteomics in an arginase 2 (Arg2)− /− T-cell-specific knock-out in CRC 
and melanoma xenograft models discovered the immunosuppressive 
function of mitochondrial ARG2 in CD8+ T cells. Arg2-deficient CD8+ T 
cells were synergized with PD-1 blockade, unveiling the potential 
application of ARG2 inhibition as novel immunotherapy [60]. Bottom- 
up proteomics has also been applied to study the immune response to 
treatment in a breast cancer mice model. Shotgun MS analysis of mice 
serum revealed that cryo-thermal therapy induces acute phase response 
with IL-6 activation, promoting Th1 anti-tumor activity [61]. 

Application of shotgun proteomics in hyperactive platelets derived 
from CAC mice revealed an increased level of protumor serum amyloid A 
(SAA) proteins, suggesting a novel target to treat CAC patients at early 
clinical stages, or even to prevent cancer development [62]. Also, 
bottom-up proteomics analyzed extracellular vesicles (EVs) from tumor- 
associated macrophages (TAMs) derived from a CRC mouse model. 
Surprisingly, TAM-EVs possessed a proteomic signature that was asso-
ciated with inflammation and immune response through Th1/M1 
macrophage polarization [63]. Both studies show the broad application 
of MS-based proteomics in the analysis of innate immune cells which 
influence the cancer immune response. 

The abovementioned studies show the potential application of MS- 
based proteomics in preclinical cancer mice models to understand mo-
lecular mechanisms involved in immunosuppression, in the studies on 
the effect of therapies at the protein level as well as in the discovery of 
novel therapeutic targets for immunotherapy. However, instead of 
inferring their activity from peripheral blood, further proteomics anal-
ysis of TILs will provide more valuable information of T cell functions 
within the TME. 

3.2. MS-based proteomics application in clinical studies to characterize 
cancer immune responses 

The advancement of shotgun MS-proteomics enables better charac-
terization of TILs in clinical samples. First step towards this goal was the 
development of the simple and integrated spin tip-based proteomics 
technology (termed SISPROT) combined with laser-capture microdis-
section technology (LCM) [64]. LCM-SISPROT provided spatial prote-
ome profiling of cancer cells, enterocytes, lymphocytes, and smooth 
muscle cells of both normal and CRC tissue obtained from the same 
patient. Each cell type possessed an individual proteomic signature such 
as immune processes enrichment in lymphocytes. Interestingly, the 
spatial proteomic composition from the same cell type showed expres-
sion fluctuations across micrometer spatial distance which highlights 
the heterogeneity of TME [64]. This proof-of-concept study demon-
strates the technical advancement towards high-throughput proteomics 
characterization of TILs. The next step is the application of LCM 

combined with shotgun proteomics in studies of clinical importance. For 
instance, this approach has been recently applied to compare the pro-
teomes of microdissected TILs from 3 metastatic melanoma patient 
samples (IFN-γ-high, lymphocyte activation gene-3 (LAG-3)-high, and 
none), showing that only the IFN-γ-high sample was enriched in 
different inflammatory pathways [65]. 

It is well known that tumor-secreted factors and exosomes enrich 
immunosuppressive cells within the tumor-draining lymph nodes, 
leading to defective local T cell priming [66,67]. Further characteriza-
tion of the tumor-draining lymph node cellular and protein composition 
is needed to release T cell inhibition and to develop potential immu-
notherapy. MS-based proteomics has been recently applied to charac-
terize the pathophysiology of perfused breast cancer patient-derived 
axillary lymph nodes (ALNs) sustained ex vivo using normothermic 
perfusion [68]. Neutrophil degranulation and extracellular matrix 
degradation pathways were enriched in metastatic ALNs compared to 
reactive ALNs. Similar results of enriched pathways were observed in 
metastatic lymph nodes from pancreatic ductal adenocarcinoma and 
prostate cancer [69,70]. These studies demonstrate that MS-based pro-
teomics is a powerful tool to characterize biofluids such as perfusates 
from tissue, facilitating the protein characterization of lymph nodes. MS- 
based shotgun proteomics analysis has also been applied to study the 
cellular composition of tumor-draining lymph nodes, such as Treg cells 
from Sentinel Nodes (SN) compared to non-SN Tregs in bladder cancer 
patients [71]. It was found that SN-resident Tregs were enriched in 
growth and immune signaling pathways with IL-16 playing a central 
role. Moreover, Treg cells in vitro exposition to tumor secretome 
increased the IL-16 processing into its bioactive form through caspase-3 
activation, reinforcing Treg suppressive capacity [71]. 

Currently, MS imaging has been applied to study the protein het-
erogeneity as well as spatial pattern in multiple solid tumors, focusing 
on sub-histological classification as well as the discovery of new 
candidate biomarkers [72–75]. In breast cancer patients' samples, MS 
imaging revealed a correlation between high intra-tumor heterogeneity, 
high level of TILs, and better prognosis [76]. These findings suggest that 
unveiling the proteome heterogeneity is crucial for defining the extent of 
cellular heterogeneity within the TME. In recent years, MS imaging has 
been approved as a powerful tool to characterize immune cell popula-
tion changes and to identify protein signatures in response to immu-
notherapy. Berghmans et al. [77] used MS imaging to measure anti-PD- 
L1 immunotherapy response in non-small cell lung cancer patients. 
Downstream analysis and IHC validation demonstrated that neutrophil 
defensins-1, -2, -3 are predictive biomarkers associated with a positive 
immunotherapy response. Indeed, in vitro experiments showed that 
these defensins activate immune cells against cancer cells. Importantly, 
MS imaging can be combined with LCM and subsequent bottom-up/top- 
down proteomics to facilitate the identification of putative proteins 
within the TME [78,79]. This combination revealed that the proteomes 
from TME cell subpopulations are associated with unique molecular 
signatures in breast cancer [78]. This proof-of-concept study demon-
strates that the combination of proteomics approaches can reveal TME 
proteomics heterogeneity. 

Top-down proteomics has not been widely applied to cancer 
immunological research but several studies exemplify the potential of 
this technique. Generally, top-down proteomics is combined with 
bottom-up proteomics or MS imaging. On one hand, top-down/bottom- 
up proteomics has been used to identify potential biomarkers in prostate 
cancer [80] and pediatric brain cancers [81–83] as well as to investigate 
the proteome landscape of breast cancer patient-derived mouse xeno-
graft models [84]. Bottom-up proteomics has a higher coverage of the 
proteome, while top-down facilitates the identification of proteoforms 
with specific PTMs. These studies highlight the benefit of the integration 
of both approaches. On the other hand, combination of top-down pro-
teomics and MS imaging can identify the spatial patterns of protein 
products from alternative Open Reading Frames within the TME. This 
integrative approach can detect potential biomarkers that were not 
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considered before. Interestingly, top-down proteomics also facilitates 
the identification of protein complexes [85], novel quaternary structures 
[86], and tumor mutant proteoforms [87]. 

In summary, MS-based proteomics has been widely applied in cancer 
immunology research. Studies have approved that novel insights into 
the current understanding of tumor-mediated immunosuppression have 
been gained by using these technologies. Systematic untargeted prote-
ome characterization of different T cell subsets, other cell subtypes 
within the TME, and biofluids will facilitate the discovery of novel 
biomarkers and therapeutic targets to overcome tumor-mediated sup-
pression of effector T cell activation. 

Despite these great advances, several technical challenges must be 
addressed. MS-proteomics does not provide the full sequence of a pro-
tein but rather relies on the identification of unique peptides from a 
protein. Its sensitivity is limited by the number of acquired spectra to 
identify a specific peptide [88]. However, an average of 75% of collected 
spectra can remain unidentified [89]. This lack of sensitivity limits the 
dynamic range of mass spectrometers as well as the identification of low 
abundant proteins, especially in clinical samples such as serum, in which 
the dynamic range can overpass 10 orders of magnitude [90]. Once a 
peptide is correctly identified, another challenge is the identification of 
different isoforms of the protein, called proteoforms. These proteoforms 
are generated by posttranscriptional processing and PTMs, yielding 
multiple proteoforms from the same canonical amino acid sequence 
[91]. Despite the development of PTMs enrichment strategies, identifi-
cation of modified peptides arises more complications due to their lower 
abundance, lower ionization and fragmentation efficiency, inaccurate 
mass determination, confusion with the assignment of residue sub-
stitutions, and uncertainty in the PTM site assignment [92,93]. Lastly, 
the high cost of MS instrumentation as well as the level of expertise 
required to perform MS-proteomics hinders its wider usage. 

4. Antibody-based technologies to characterize immune 
responses in cancer 

MS-based proteomics is widely used in discovery proteomics while 
antibody-based approaches are the most widely chosen for targeted 
proteomics, although the number of simultaneously detected proteins is 
limited. One of the main challenges in cancer immunology is to find 
novel biomarkers to guide the choice of therapeutic strategies to maxi-
mize patient benefit. Predictive biomarkers for immunotherapy require 
a more holistic approach with panels of biomarkers to identify the un-
derlying biology and complexity of the tumor immune response [94]. 
Recently developed antibody-based detection techniques can detect 
from tens to hundreds of proteins simultaneously, being a powerful tool 
to identify these panels of biomarkers. 

Multiplex immunoassays utilize antibodies as anchors that are 
immobilized on a solid surface or the surface of beads. In both, the 
protein of interest is bound to the specific antibody. This technology 
enables simultaneous detection and quantitation of tens of proteins. It is 
a powerful tool, especially for the detection of secreted proteins, such as 
cytokines and growth factors from a limited amount of biological and 
clinical materials. For example, this technique was applied to study the 
correlation between 59 serum-derived proteins and response to immu-
notherapy in gastrointestinal cancers. As a result, protein signatures 
characterized by higher levels of IC molecules, namely PD-L1, CD28, 
immunoglobulin and mucin domain 3 (TIM-3), LAG-3, and CTLA-4, 
correlated with better prognosis and higher response, being a prom-
ising panel of predictive biomarkers [95]. In addition to detecting pro-
teins from serum or plasma samples, recently, this technique has been 
applied to characterize inflammation-involved proteins in CRC tumors 
and matched normal tissues, providing a panel of 32 biomarkers 
differentially expressed in CRC tumors [96]. 

Another antibody-based technology, Proximity Extension Assay 
(PEA) further extends the number of detected proteins from tens to 
hundreds and even thousands. The technology is based on target-specific 

antibodies conjugated with unique complementary DNA. The antibody 
pairs targeting one protein bind to the target and a barcoded DNA 
duplex is formed, which is amplified by qPCR or next-generation 
sequencing (NGS), allowing quantification of up to 3072 proteins 
[97,98]. In a recent study, the oncology panel of PEA with 92 cancer- 
related proteins was utilized to identify potential circulating tumor 
biomarkers for meningioma. The pathway analysis revealed upregula-
tion of immunomodulatory proteins such as CD69, C–C motif chemo-
kine 24 (CCL24), IL-24, CCL9, and B-cell activating factor (BAFF) [99]. 
In another study, the PEA immune-oncology panel was applied to study 
the serum/plasma proteomic profiles of pancreatic neuroendocrine 
neoplasms patients. Many well-known immune regulators, such as 
CCL3, IL-7, IL-10, CCL20, were significantly elevated in patients 
compared to healthy controls, whereas FAS ligand (FASLG) was down-
regulated [100]. The PEA technology has shown a promising potential to 
detect chemokine variability within metastatic melanoma patients 
subjected to anti-PD-1 therapy [101]. Likewise, it has also been used to 
assess the immune profile of chronic lymphocytic leukemia patients 
undergoing different treatments. [102]. PEA analysis of 29 CRC tumors 
using the immune-oncology panel resulted in only 9 tumors clustered 
together in unsupervised hierarchical clustering, which revealed the 
intra-tumor TME heterogeneity [103]. PEA technology possesses a 
validated specificity and sensitivity (sub-pg/ml) which allows multi-
plexed protein detection, consuming a minimal amount of sample. 
Further progress will have a powerful impact on the discovery of new 
diagnostic, predictive, prognostic, and monitoring biomarkers as well as 
on the understanding of the proteome of cancer patients [104]. 

Moreover, other antibody-based proteomics techniques, such as 
Reverse Phase Protein Arrays (RPPA) [105] and chip array cDNA- 
based Nucleic Acid Programmable Protein Array (NAPPA) [106] 
have been applied in cancer immunology research. RPPA has been used 
to correlate the tumor heterogeneity and immune response in melanoma 
patients [107], while NAPPA to analyze tumor autoantibodies in CRC 
patients [108]. However, antibody-based approaches are limited by the 
availability and the specificity of antibodies that implies cross- 
reactivity. Another disadvantage is the variability between batches, 
especially when the antibody is produced in a new population of 
antibody-producing animals [109]. Most importantly, these approaches 
only detect limited numbers of preselected proteins. 

5. Emerging single-cell proteomics applied to characterize the 
immune TME 

The interplay between cancer cells and their microenvironment 
plays an important role in many cancer-related biological processes, 
including progression, metastasis, drug resistance as well as immune 
response. These complex cellular interactions of the TME and cancer 
cells are driven by cell heterogeneity [110,111]. Therefore, to develop 
more effective immune therapies, it is fundamental to understand the 
interaction between immune and cancer cells. Single-cell protein mea-
surements rather than a conventional bulk analysis can provide more 
precise information on this heterogeneity. This section reviews the 
different single-cell proteomics strategies applied or with potential 
application in cancer immunity and immune cell characterization. The 
following section includes a short description of antibody-based ap-
proaches, MS-based approaches, and multi-omics strategies applied to 
cancer immunity at the single-cell level. 

5.1. Antibody-based approaches 

For the past 30 years, FC has become the ‘gold standard’ in marker 
analysis at the single-cell level. Despite its popularity, this method is 
limited to a low number of markers for simultaneous analysis due to 
overlapping fluorescence spectra [112,113]. A recently developed 
modification of traditional FC, full spectrum flow cytometry (FSFC) 
overcomes the issue of overlapping fluorescence spectra of fluorophore- 
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conjugated antibodies, as the detection and measurement include an 
entire fluorescence spectrum. This enables the simultaneous detection of 
up to 64 proteins [114]. This technique has been applied to characterize 
specific cells populations within the TME. For instance, FSFC with over 
30 markers found a tumor favorable environment formation caused by 
arginine-metabolizing myeloid cells co-localized with CD4+ T cells of 
unconventional phenotype in neuroblastoma mice models [115]. FSFC 
was applied to characterize the immune cells populations in syngeneic 
melanoma, breast, ovarian, and CRC cancer models with the focus on 
Tim-3 as a focal molecule [116]. Comparable higher cytolytic activity of 
Tim-3+PD-1+CD8+ TILs lead researchers to conduct the validation of 
combined treatment with Tim-3/PD-1 mAbs which indicated an 
enhanced anti-tumor effect [116]. 

By the combination of features of FC and MS, MC (CyTOF) has been 
developed to overcome the limitations of simultaneous analysis of up to 
100 proteins at the single-cell level. In this method, cells are stained with 
metal isotope-tagged antibodies and separated in a mass cytometer, 
followed by TOF analysis of isotopes mass ratio in the analyzed samples. 
MC has been successfully applied in the study of the immune signature 
and immune response in cancer and exhibits potential in the discovery of 
novel cell populations in different types of cancer [117–125]. For 
example, MC and RNA-seq analysis of tumor and peripheral blood 
mononuclear cells (PBMC) of CRC patients revealed that exhausted T 
cells are induced and recruited by the TME at all stages of the tumor 
development, demonstrating the link between immunosuppressive TME 
and the lack of immunotherapy response [117] This study demonstrated 
the superiority of MC analysis of TME over RNA-seq to characterize the 
single-cell proteome state. Interestingly, another CyTOF study identified 
a novel specific population of effector Tregs with protective function in 
CRC tumors [118]. In glioblastoma (GBM), MC provided data confirm-
ing the inter- and intra-tumor heterogeneity of glioma-associated mac-
rophages (GAM). Moreover, the proportion of GAMs was decreased and 
exhausted T cells and Tregs were increased in recurrent tumors, 
contributing to the immunosuppressive environment [119]. In xeno-
grafts GBM models, MC was utilized as a comparative tool of immune 
landscape between tumor-silent and tumor-active models revealing 
distinct differences in the cells profiles [120]. Additionally, cell bar-
coding in MC enables sample multiplexing which is a very useful option 
when dealing with valuable clinical samples and low amounts of murine 
tissue samples. Recently, MC has been successfully applied in high- 
throughput clinical analysis, where multiple samples have been 
analyzed with more than 35+ isotope tags [121]. 

Further advances in antibody-based proteomics utilize the combi-
nation of already established antibodies properties and application with 
microchips or microfluidics to perform proteomic analysis in isolated 
single cells. Single-cell barcode chips (SCBC) separate single cells in 
microchambers and secreted or intracellular proteins are captured on an 
antibody array. Then, captured proteins undergo the staining and 
quantification with the corresponding biotinylated antibodies and 
fluorescent streptavidin [126]. Advances in this technology led to the 
development of a commercial platform that quantifies a panel of 40 key 
secreted proteins from a single, viable cell [127]. Among other appli-
cations, this platform was used to study the heterogeneity of CD8+ TILs 
in metastatic melanoma patients [128]. 

Multiplexed in situ targeting (MIST) technology uses microbeads 
hybridized with antibodies conjugated to single-stranded DNA. Once the 
secreted target proteins are captured, an ELISA assay with the usage of a 
second, complementary DNA-conjugated antibody is performed [129]. 
Both technologies, SCBC and MIST, have to compromise the multiplex 
capacity and detection sensitivity, i.e. increasing the number of different 
antibodies can increase the multiplexing capacity but, in parallel, 
decrease the amounts of particular antibodies used, decreasing the 
sensitivity [130]. Antibody barcoding with cleavable DNA (ABCD) is 
the next technology that improves multiplexing capacity by utilizing 
antibodies linked to a unique DNA barcode via a photocleavable linker. 
DNA barcodes are released after incubation by UV exposition and are 

quantified by fluorescence hybridization [131]. Moreover, ABCD allows 
simultaneous analysis of hundreds of proteins from cancer cells and it 
was applied to characterize lung cancer cells from minimally invasive 
fine-needle aspirates [132]. 

TME heterogeneity does not only rely on the different cell types but 
also their spatial distribution and cell-cell interactions [133]. Whereas 
previous techniques analyze proteins in isolated single cells, the next 
antibody-based strategies are focused on comprehensive protein 
profiling in their natural spatial contexts. Multiplex immunofluores-
cence (mIF) is based on cycles of antibody staining, imaging, and anti-
body removal in tissue slides. This method allows the simultaneous 
identification of several immune markers in the same cell providing data 
about both the expression and location of target proteins (Fig. 2A). A 
combination of tissue microarrays with mIF has been optimized (e.g., for 
TME immune profiling) [134]. Gerdes et al. [33] applied mIF to analyze 
61 proteins in CRC, revealing extensive tumor heterogeneity. Recently, 
mIF has been used to unveil the immune heterogeneity within the TME 
of melanoma and breast cancer ALNs [65,68]. 

Since the specific intracellular localization of the proteins is essential 
to performing their biological function(s), while localization abnor-
mality may severely disrupt biological processes causing disease, char-
acterization of protein expression as well as its localization in a high 
resolution is needed. Single-cell spatial proteomics aims at solving this 
problem in a comprehensive manner (reviewed in [135,136]). An mIF 
technique called Multi-Epitope Ligand Cartography (MELC) uses an 
automated microscopic robot that allows multiplexed protein charac-
terization at subcellular level. In a pioneering work, MELC was applied 
to identify changes in key immune function-related proteins in CRC 
tissue at subcellular level [137]. In this study, 1930 clusters of proteins 
distinguished CRC from healthy tissue, and CRC tissue was enriched in T 
cells with altered T cell adhesion and NK cells with high nuclear factor- 
kappa B (NF-κB) expression. Later, Bhattacharya et al. [138] used 
Toponome Imaging System, a similar mIF strategy, to compare CRC 
with a normal colon. 5708 clusters of proteins that are specific to colon 
cancer were identified, showing that CRC has a unique higher-order 
toponomy signature. 

Since the application of mIF techniques carries a risk of damaging the 
epitopes' integrity, oligonucleotide conjugated antibodies alternatives 
have been explored [139–141]. CO-Detection by indEXing (CODEX) 
iteratively visualizes targets through in situ polymerization-based 
indexing procedure with oligonucleotide-conjugated barcodes and 
dNTPs analogs tethered to fluorophores (Fig. 2B) [142]. CODEX has 
been applied to study the immune TME of CRC with 56 markers, 
showing the importance of the spatial distribution and cell neighbor-
hoods in CRC [143]. Despite the recent advances in multiplexed anal-
ysis, it was found that oligonucleotides negatively affect the specificity 
and the binding affinity of antibodies. To avoid this interference, other 
alternatives are used e.g., removable antibodies with fluorophores 
linked by an azido group [144]. 

In the context of cancer immunology, imaging mass cytometry 
(IMC) and multiplexed ion beam imaging (MIBI) are powerful tools to 
assess the complexity of the TME and networks of cell-cell interactions in 
their spatial context within the tissue. IMC is a technology that combines 
CyTOF (MC) and imaging to analyze proteins in situ (Fig. 2C). First, the 
tissue slide is stained with a panel of metal conjugated antibodies and 
then the stained tissue is converted to a stream of particles pixel-to-pixel 
by a laser. Next, the mass spectrometer determines and quantifies the 
metal isotopes linked to the antibodies in each particle and, finally, a 
computational algorithm combines the MS data of each pixel with its 
coordination information to generate a two-dimensional image [145]. 
IMC not only provides information on single-cell proteomics but also on 
the localization of the particular protein in the tissue and constructs the 
cellular interaction within the TME. This methodology gives additional 
data potentially relevant in the context of prognosis or treatment. IMC 
analysis with 35 biomarkers of patients' breast tumors samples, together 
with available survival data, yielded high-dimensional images providing 
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Fig. 2. Schematic representation of single-cell spatial proteomics approaches. (A) Multiplex immunofluorescence (mIF), (B) CO-Detection by indEXing (CODEX), (C) 
imaging mass cytometry (IMC) and multiplexed ion beam imaging (MIBI). 
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information on the complexity of organization of tumor and stromal 
cells, their location within the tissue, and distinct phenotypes of tumor 
cells. This study led to the proposal of novel breast cancer subgroups 
closely related to the particular patient's prognosis [146]. IMC was also 
used to explore the TME of different cancer types including Hodgkin 
lymphoma, and CRC, in which tertiary lymphoid structures in CRC were 
found to have abundant forkhead box P3 (FoxP3)+ Treg expression, 
demonstrating its potential for immune profiling in tumors [147]. 

The second technology, MIBI is a variation of IMC which operates an 
ion beam to release metal ion reporters, therefore increasing its multi-
plexing capacity to more than 100 targets at once [148]. An interesting 
application of MIBI is single-cell metabolic regulome profiling, which 
enables to study the composition of the metabolic regulome in combi-
nation with phenotypic identity with more than 110 antibodies against 
metabolite transporters, metabolic enzymes, or regulatory modifica-
tions. The study revealed the metabolic heterogeneity and spatial or-
ganization of CD8+ T cells in CRC, including subsets expressing the T 
cell exhaustion-associated molecules CD39 and PD-1, indicating their 
exclusion from the tumor-immune boundary [149]. Undeniably, IMC 
and MIBI are superior methods to fluorescence-based technologies 
because they detect simultaneously targeted proteins with a higher dy-
namic range avoiding staining/stripping cycles that can compromise 
epitope integrity [150]. However, their disadvantage is the availability 
of the number of antibodies conjugated with metal isotopes suitable for 
FFPE and fresh frozen tissue staining [151]. 

In summary, the bottleneck of single-cell measurements with anti-
bodies is the limit of sensitivity, which stems from the molecular shot 
noise, limiting accurate quantification to the low attomolar (aM) range, 
as well as the quality of the antibody [152]. 

5.2. Single-cell MS-based approaches 

Unbiased single-cell MS-based proteomics approaches are currently 
in development, being a promising alternative that can overcome the 
limitation of antibody-based approaches, potentially leading to an 
increased number of detected proteins [153]. However, single-cell MS 
analysis must overcome additional challenges apart from the above-
mentioned for bulk MS proteomics. Proteins cannot be amplified as 
nucleic acids. Thus, one of the major challenges is the delivery of pep-
tides to the mass spectrometer taking into account the low protein 
content of a single cell. Single-cell sample preparation requires minia-
turization and automation to reduce protein losses and increases their 
concentration [154]. Single cells are separated by FACS or other alter-
native techniques and subsequently, protein extraction and digestion are 
performed in reduced volumes (1 μl/cell or lower). Different strategies 
of sample preparation have been successfully developed such as nano-
droplet processing in one pot for trace samples (nanoPOTS) [155], oil- 
air droplets [156], or minimal ProteOmic sample Preparation (mPOP) 
based on freeze-heat cycles [157]. Moreover, peptide separation in the 
LC column and its corresponding ESI must be miniaturized with flow 
rates at low-nanoliter-per-minute or even picoliter-per-minute range. 
Therefore, the inner diameter of nanoLC columns is reduced from 75 μm 
to 30 μm which in consequence improves single-cell proteome coverage 
[158]. 

Importantly, single-cell MS analysis needs an increase in peptide 
sequence identification as well as in its multiplexing capacity to analyze 
the proteome from thousands of cells at an affordable cost [153]. A great 
advance has recently been achieved with an approach called Single Cell 
ProtEomics by mass spectrometry (SCoPE-MS) [159]. SCoPE-MS 
prepares the sample by mPOP and adds an isobarically labeled carrier 
(e.g., the proteome of 100 cells) with tandem mass tags [160]. The usage 
of a proteomic carrier mitigates sample losses, facilitates peptide 
sequence identification, and increases the multiplexing capacity with a 
limit of 12 single-cell proteomes in one run due to the limited tandem 
mass tags available. With such technological development, SCoPE-MS 
found its application in heterogeneity studies. SCoPE-MS quantified 

3042 proteins in 1490 single monocytes and macrophages, suggesting 
that heterogeneity of macrophages may emerge without the participa-
tion of polarizing cytokines [161]. Moreover, SCoPE-MS quantified 
1500 proteins from 152 cells from three acute myeloid leukemia (AML) 
cell lines, revealing functionally distinct differences between the three 
cell clusters [162,163]. Additionally, the combination of nanoPOTS and 
SCoPE-MS quantified around 1000 proteins per cell of 3000 FACS-sorted 
cells from an AML culture model. It allowed resolving AML heteroge-
neity at a single-cell level along different hierarchical stages of differ-
entiation [164]. 

Further improvements will be achieved through innovations in 
sample preparation and peptide separation, hardware advances of mass 
spectrometers as well as innovative acquisition and interpretation 
methods. These improvements will facilitate increased coverage of 
single-cell proteomes as well as the sensitivity and confidence of peptide 
sequence identification, revolutionizing cancer immunology [165]. 

5.3. Single-cell multi-omics strategies 

For precision oncology, to deeply and comprehensively understand 
the complexity of the TME, in addition to proteomics, an integration of 
multi-omics data at the individual cell level with the molecular land-
scape of each cell is needed [166,167]. Proteogenomics approaches 
combine bulk MS-based proteomics with genomics and transcriptomics. 
This strategy has been applied to several cancer types, providing novel 
insights into somatic mutation consequences at the protein level as well 
as neoantigens discovery for immunotherapy [168–171]. However, the 
genomic and proteomic data integration at the single-cell level is 
currently in development. Recently, a pioneering study designed DAb- 
seq which allows analysis of 49 DNA targets and 23 protein markers 
by the combination of DNA barcodes conjugated to antibodies and 
multiplex PCR. Although this technology requires an increase in its 
multiplexing capacity, it demonstrated the heterogeneous interactions 
of somatic mutations and protein expression in AML single cells [172]. 

On the other hand, there are some techniques designed to link mRNA 
and antibody based protein analysis in single-cell approaches. Prox-
imity Ligation Assay for RNA (PLAYR) is a method that uses FC/MC 
for simultaneous analysis of target proteins stained with antibodies and 
RNA. PLAYR probe pairs hybridize their targets and then the insert and 
backbone are hybridized and ligated to the probes. After rolling circle 
amplification, labeled oligonucleotides bind the insert regions for 
detection and quantification [173]. Recently, this method has been used 
to demonstrate intra-clonal heterogeneity in chronic lymphocytic leu-
kemia cells [174]. Cellular indexing of transcriptomes and epitopes 
by sequencing (CITE-seq) and its sister technology RNA expression 
and protein sequencing (REAP-seq) combine DNA-conjugated anti-
bodies with scRNA-seq [175,176]. The difference is that CITE-seq uses 
biotinylated antibodies whereas REAP-seq uses antibodies covalently 
bonded to aminated DNA sequences. These methods integrate cellular 
surface protein and transcriptome measurements into single-cell 
readout. CITE-seq provides a more detailed characterization of cellular 
phenotypes compared to scRNA-seq alone and allows simultaneous 
protein expression and transcriptome profiling of thousands of single 
cells (Fig. 3). CITE-seq may also show quantitative differences in marker 
expression between subsets e.g., expression difference of CD8a between 
NK and T cells [176]. A CITE-seq panel of 157 antibodies was applied to 
immunophenotype breast cancer patients. 18 clusters of T cells and 
innate lymphoid cells (ILCs) were found with different proportions 
among clinical subtypes. Interestingly, IC molecules were also differ-
entially expressed among breast cancer subtypes. These findings may 
lead to personalized immunotherapy strategies for each subtype [177]. 
Moreover, it was found that CITE-seq can be combined with single-cell 
sequencing assay for transposase-accessible chromatin (scATAC-seq) 
and used to study the RNA expression, surface proteins, and chromatin 
accessibility at the single-cell level. Granja et al. [178] applied such 
strategy to find distinct and shared molecular mechanisms of leukemia. 

V. Urbiola-Salvador et al.                                                                                                                                                                                                                     



BBA - Molecular Cell Research 1869 (2022) 119266

9

Among the challenges for both technologies (CITE-seq and REAP-seq), 
the efficiency of cell captures must be increased, the system requires 
total automation, and the multiplex detection must be extended to 
intracellular proteins which is currently limited to a reduced number of 
proteins [179,180]. Recently, SUrface-protein Glycan And RNA-seq 
(SUGAR-seq) has been designed to enable the detection and analysis of 
N-linked glycosylation, extracellular epitopes, and the transcriptome at 
the single-cell level. SUGAR-seq is an extension of CITE-seq in which 
glycans are captured with a biotinylated lectin and subsequently 
detected using an anti-biotin mAb conjugated to a DNA-barcode. Inte-
grated SUGAR-seq and glycoproteome analysis identified TILs with 
unique N-glycan profiles as cellular T cell subsets with the altered 
epigenetic and functional state in CRC and melanoma mice models 
[181]. 

Zhang et al. [182] combined scRNA-seq and mIF to study the im-
mune TME of CRC patients. They found that TILs showed an exhausted 
phenotype compared to T cells originating from normal tissue and pe-
ripheral blood. Moreover, they identified a population of Th1-like cells 
that were enriched in microsatellite instability (MSI) CRC, providing a 
possible explanation for MSI patients' good response to anti-PD-1 
immunotherapy. Finally, de Vries et al. [183] combined MC with 36 
markers, FC, scRNA-seq, and mIF to analyze T cells from CRC, matched 
associated lymph nodes, healthy mucosa, and peripheral blood. 
Different phenotypes of CD8+/γδ T cell and CD4+ memory T cells were 
observed in each examined tissue. Interestingly, an innate lymphoid cell 
(ILC) population was enriched in CRC tissues with high expression of 
cytotoxic molecules. Additionally, this ILC population correlated with 
the presence of tumor-resident cytotoxic, helper, and γδ T cells with 
similar activated profiles. This study not only sheds some light on the 
complexity of lymphocytes composition dependent on the sample type 
but also demonstrates that multi-omics data integration provides much 
more data and in-depth analysis, which otherwise would not be 
obtained. 

6. Conclusions and future perspectives 

Despite the great advances in cancer immunology and the 

development of immunotherapy, the patients' response rate remains a 
clinical challenge. Understanding the complexity of TME and immuno-
suppression mechanisms may lead to design of more effective cancer 
immunotherapies. Proteomics is a powerful approach to accelerate the 
studies on immune responses in cancer. MS-based proteomics can un-
cover novel insights into molecular mechanisms and potential thera-
peutic targets, while the application of antibody-based proteomics 
approaches does not require specialized expertise as in MS and is widely 
applied as a tool to characterize selected proteins and discover new 
clinical biomarkers. However, both approaches possess limitations and 
technical challenges that complicate the characterization of the whole 
proteome of biological systems, especially to differentiate between 
proteoforms. 

Emerging single-cell proteomics approaches will revolutionize our 
understanding of the complex cellular networks within the TME and 
interactions between cancer and immune cells. Several technologies 
have been recently developed with the potential for comprehensive 
proteomic characterization that facilitates the deep profiling of immune 
responses in cancer at the single-cell level. Novel technical solutions will 
provide higher sensitivity and higher resolution at the subcellular and 
molecular level [184–186]. Importantly, a new era in proteomics was 
born with single-molecule protein sequencing based on fluorescence- 
mediated in situ protein identification [187,188] as well as nanopores 
[189,190]. Further technical development of these next-generation 
proteomics approaches will ideally enable the whole proteome charac-
terization and unveil the distribution of proteoforms at the single-cell 
level. 

In summary, together with the technological advancements in single- 
cell analysis, progress in a holistic system of multi-omics approaches and 
data analysis is needed. To date, it was found that a combination of 
different ‘omics’ data with single-cell proteomics, may provide infor-
mation on cancer origin, progression, and prognosis, which could 
remain undiscovered if were analyzed separately. It is well-recognized 
that a comprehensive approach to TME composition is crucial in 
personalized therapy and efficient treatment. In this review, we have 
discussed examples of immune heterogeneity studies of TME in cancer, 
focusing on both MS-based bulk/antibody-based and single-cell analysis 

Fig. 3. Schematic representation of CITE-seq and REAP-seq. Antibody-barcoded labeled cells are mixed in a microfluidic system in which each droplet contains a cell, 
beads with the PCR adapters with the corresponding cell barcodes, and lysis buffer. After cell lysis within the droplet, mRNA and DNA barcodes from antibodies are 
hybridized with PCR adapters. Subsequent retrotranscription generates cDNAs and droplets are disrupted. Upon disruption, the respective cDNAs for mRNAs and 
proteins are separated by size. These synthesized libraries are sequenced, providing the single-cell expression profiles of mRNA and targeted proteins. 
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(Table 1). Moreover, we reviewed emerging single-cell proteomic 
analysis methods with examples of the combination of multi-omics 
studies, which we believe become widely applied in cancer research in 
the future. 
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M. Weller, M. Greter, S. Tugues, M.C. Neidert, B. Becher, Single-cell mapping of 
human brain cancer reveals tumor-specific instruction of tissue-invading 
leukocytes, Cell 181 (7) (2020) 1626–1642.e20, https://doi.org/10.1016/j. 
cell.2020.04.055. 

[123] M. Wierz, B. Janji, G. Berchem, E. Moussay, J. Paggetti, High-dimensional mass 
cytometry analysis revealed microenvironment complexity in chronic 
lymphocytic leukemia 7, 2018, https://doi.org/10.1080/ 
2162402X.2018.1465167. 

[124] S. Chevrier, J.H. Levine, V.R.T. Zanotelli, K. Silina, D. Schulz, M. Bacac, C.H. Ries, 
L. Ailles, M.A.S. Jewett, H. Moch, M. van den Broek, C. Beisel, M.B. Stadler, 
C. Gedye, B. Reis, D. Pe’er, B. Bodenmiller, An immune atlas of clear cell renal cell 
carcinoma, Cell 169 (4) (2017) 736–749, https://doi.org/10.1016/j. 
cell.2017.04.016. 

[125] J. Wagner, M.A. Rapsomaniki, S. Chevrier, T. Anzeneder, C. Langwieder, 
A. Dykgers, M. Rees, A. Ramaswamy, S. Muenst, S.D. Soysal, A. Jacobs, 
J. Windhager, K. Silina, M. van den Broek, K.J. Dedes, M. Rodríguez Martínez, W. 
P. Weber, B. Bodenmiller, A single-cell atlas of the tumor and immune ecosystem 

V. Urbiola-Salvador et al.                                                                                                                                                                                                                     

https://doi.org/10.1038/nchembio.2515
https://doi.org/10.1038/nchembio.2515
https://doi.org/10.1515/cclm-2020-1072
https://doi.org/10.1073/pnas.1716122115
https://doi.org/10.1016/J.FEBSLET.2004.12.001
https://doi.org/10.1038/nmeth.3902
https://doi.org/10.1038/nmeth.3902
https://doi.org/10.15252/MSB.20156297
https://doi.org/10.15252/MSB.20156297
https://doi.org/10.1016/J.JPROT.2016.01.012
https://doi.org/10.1021/CR3003533
https://doi.org/10.1021/CR3003533
https://doi.org/10.1002/PMIC.201500355
https://doi.org/10.3390/BIOMEDICINES6010014
https://doi.org/10.3390/BIOMEDICINES6010014
https://doi.org/10.1007/S00262-021-02878-8
https://doi.org/10.1038/s41598-021-86941-5
https://doi.org/10.1038/s41598-021-86941-5
https://doi.org/10.1093/NAR/GKR424
https://doi.org/10.1038/s41467-021-22767-z
https://doi.org/10.3389/FONC.2019.01031
https://doi.org/10.1038/s41598-020-67670-7
https://doi.org/10.1007/S00262-020-02497-9
https://doi.org/10.1007/S00262-020-02497-9
https://doi.org/10.1016/J.INTIMP.2020.107226
https://doi.org/10.1016/J.INTIMP.2020.107226
https://doi.org/10.1371/JOURNAL.PONE.0241148
https://doi.org/10.1371/JOURNAL.PONE.0241148
https://doi.org/10.1016/j.mcpro.2021.100168
https://doi.org/10.7171/JBT.2021-3202-001/-/DC1
https://doi.org/10.7171/jbt.2021-3202-001
https://doi.org/10.7171/jbt.2021-3202-001
https://doi.org/10.3389/fonc.2020.596493
https://doi.org/10.3389/fonc.2020.596493
https://doi.org/10.3390/cancers13112718
https://doi.org/10.3390/cancers13112718
https://doi.org/10.1038/518027a
https://doi.org/10.1007/s40610-017-0073-7
https://doi.org/10.18632/ONCOTARGET.27736
https://doi.org/10.1117/1.JBO.18.3.037004
https://doi.org/10.1371/JOURNAL.PONE.0159961
https://doi.org/10.1371/JOURNAL.PONE.0159961
https://doi.org/10.3389/FMOLB.2020.612801
https://doi.org/10.1158/0008-5472.CAN-21-0691
https://doi.org/10.1080/2162402X.2019.1708064
https://doi.org/10.1080/2162402X.2019.1708064
https://doi.org/10.1002/ijc.32856
https://doi.org/10.4049/JIMMUNOL.1801368
https://doi.org/10.3389/FIMMU.2020.00835
https://doi.org/10.1038/s41467-020-17704-5
https://doi.org/10.1016/J.XPRO.2020.100055
https://doi.org/10.1016/J.XPRO.2020.100055
https://doi.org/10.1016/j.cell.2020.04.055
https://doi.org/10.1016/j.cell.2020.04.055
https://doi.org/10.1080/2162402X.2018.1465167
https://doi.org/10.1080/2162402X.2018.1465167
https://doi.org/10.1016/j.cell.2017.04.016
https://doi.org/10.1016/j.cell.2017.04.016


BBA - Molecular Cell Research 1869 (2022) 119266

14

of human breast cancer, Cell 177 (5) (2019) 1330–1345, https://doi.org/ 
10.1016/j.cell.2019.03.005. 

[126] C. Ma, R. Fan, H. Ahmad, Q. Shi, B. Comin-Anduix, T. Chodon, R.C. Koya, C. 
C. Liu, G.A. Kwong, C.G. Radu, A. Ribas, J.R. Heath, A clinical microchip for 
evaluation of single immune cells reveals high functional heterogeneity in 
phenotypically similar T cells, Nat. Med. 17 (6) (2011) 738–743, https://doi.org/ 
10.1038/nm.2375. 

[127] Y. Lu, Q. Xue, M.R. Eisele, E.S. Sulistijo, K. Brower, L. Han, E.A.D. Amir, D. Pe’er, 
K. Miller-Jensen, R. Fan, Highly multiplexed profiling of single-cell effector 
functions reveals deep functional heterogeneity in response to pathogenic ligands, 
Proc. Natl. Acad. Sci. U. S. A. 112 (7) (2015) E607–E615, https://doi.org/ 
10.1073/pnas.1416756112. 

[128] A. Diab, S. Tykodi, G. Daniels, M. Maio, B. Curti, K. Lewis, S. Jang, E. Kalinka, 
I. Puzanov, A. Spira, D. Cho, S. Guan, E. Puente, U. Hoch, S. Currie, T. Nguyen, 
W. Lin, M. Tagliaferri, J. Zalevsky, M. Sznol, M. Hurwitz, Progression-free 
survival and biomarker correlates of response with BEMPEG plus NIVO in 
previously untreated patients with metastatic melanoma: results from the PIVOT- 
02 study, J. Immunother. Cancer 8 (2020), https://doi.org/10.1136/JITC-2020- 
SITC2020.0420. 

[129] P. Zhao, S. Bhowmick, J. Yu, J. Wang, Highly multiplexed single-cell protein 
profiling with large-scale convertible DNA-antibody barcoded arrays, Adv. Sci. 5 
(9) (2018) 1800672, https://doi.org/10.1002/advs.201800672. 

[130] T. Pham, A. Tyagi, Y. Wang, J. Guo, Single-cell proteomic analysis, WIREs Mech. 
Dis. 13 (2021), e1503, https://doi.org/10.1002/wsbm.1503. 

[131] S.S. Agasti, M. Liong, V.M. Peterson, H. Lee, R. Weissleder, Photocleavable DNA 
barcode-antibody conjugates allow sensitive and multiplexed protein analysis in 
single cells, J. Am. Chem. Soc. 134 (45) (2012) 18499–18502, https://doi.org/ 
10.1021/ja307689w. 

[132] A.V. Ullal, V. Peterson, S.S. Agasti, S. Tuang, D. Juric, C.M. Castro, R. Weissleder, 
Cancer cell profiling by barcoding allows multiplexed protein analysis in fine- 
needle aspirates, Sci. Transl. Med. 6 (219) (2014), 219ra9, https://doi.org/ 
10.1126/scitranslmed.3007361. 

[133] Y. Yuan, Spatial heterogeneity in the tumor microenvironment, Cold Spring Harb. 
Perspect. Med. 6 (8) (2016), a026583, https://doi.org/10.1101/cshperspect. 
a026583. 

[134] E.R. Parra, J. Zhai, A. Tamegnon, N. Zhou, R.K. Pandurengan, C. Barreto, 
M. Jiang, D.C. Rice, C. Creasy, A.A. Vaporciyan, W.L. Hofstetter, A.S. Tsao, I. 
I. Wistuba, B. Sepesi, C. Haymaker, Identification of distinct immune landscapes 
using an automated nine-color multiplex immunofluorescence staining panel and 
image analysis in paraffin tumor tissues, Sci. Rep. 11 (1) (2021) 4530, https://doi. 
org/10.1038/s41598-021-83858-x. 

[135] E. Lundberg, G.H.H. Borner, Spatial proteomics: a powerful discovery tool for cell 
biology, Nat. Rev. Mol. Cell Biol. 20 (5) (2019) 285–302, https://doi.org/ 
10.1038/s41580-018-0094-y. 

[136] I. Paul, C. White, I. Turcinovic, A. Emili, Imaging the future: the emerging era of 
single-cell spatial proteomics, FEBS J. 288 (24) (2021) 6990–7001, https://doi. 
org/10.1111/febs.15685. 

[137] U. Berndt, L. Philipsen, S. Bartsch, B. Wiedenmann, D.C. Baumgart, M. Hämmerle, 
A. Sturm, Systematic high-content proteomic analysis reveals substantial 
immunologic changes in colorectal cancer, Cancer Res. 68 (3) (2008) 880–888, 
https://doi.org/10.1158/0008-5472.CAN-07-2923. 

[138] S. Bhattacharya, G. Mathew, E. Ruban, D.B.A. Epstein, A. Krusche, R. Hillert, 
W. Schubert, M. Khan, Toponome imaging system: in situ protein network 
mapping in normal and cancerous colon from the same patient reveals more than 
five-thousand cancer specific protein clusters and their subcellular annotation by 
using a three symbol code, J. Proteome Res. 9 (12) (2010) 6112–6125, https:// 
doi.org/10.1021/pr100157p. 

[139] D.Y. Duose, R.M. Schweller, W.N. Hittelman, M.R. Diehl, Multiplexed and 
reiterative fluorescence labeling via DNA circuitry, Bioconjug. Chem. 21 (12) 
(2010) 2327–2331, https://doi.org/10.1021/bc100348q. 

[140] R.J. Giedt, D. Pathania, J.C.T. Carlson, P.J. McFarland, A.F. del Castillo, D. Juric, 
R. Weissleder, Single-cell barcode analysis provides a rapid readout of cellular 
signaling pathways in clinical specimens, Nat. Commun. 9 (1) (2018) 4550, 
https://doi.org/10.1038/s41467-018-07002-6. 

[141] P. Zrazhevskiy, X. Gao, Quantum dot imaging platform for single-cell molecular 
profiling, Nat. Commun. 4 (2013) 1619, https://doi.org/10.1038/ncomms2635. 

[142] Y. Goltsev, N. Samusik, J. Kennedy-Darling, S. Bhate, M. Hale, G. Vazquez, 
S. Black, G.P. Nolan, Deep profiling of mouse splenic architecture with CODEX 
multiplexed imaging, Cell 174 (4) (2018) 968–981.e15, https://doi.org/10.1016/ 
j.cell.2018.07.010. 

[143] C.M. Schürch, S.S. Bhate, G.L. Barlow, D.J. Phillips, L. Noti, I. Zlobec, P. Chu, 
S. Black, J. Demeter, D.R. McIlwain, N. Samusik, Y. Goltsev, G.P. Nolan, 
Coordinated cellular neighborhoods orchestrate antitumoral immunity at the 
colorectal cancer invasive front, Cell 182 (5) (2020) 1341–1359.e19, https://doi. 
org/10.1016/j.cell.2020.07.005. 

[144] M. Mondal, R. Liao, L. Xiao, T. Eno, J. Guo, Highly multiplexed single-cell in situ 
protein analysis with cleavable fluorescent antibodies, Angew. Chem. Int. Ed. 56 
(10) (2017) 2636–2639, https://doi.org/10.1002/anie.201611641. 

[145] C. Giesen, H.A.O. Wang, D. Schapiro, N. Zivanovic, A. Jacobs, B. Hattendorf, P. 
J. Schüffler, D. Grolimund, J.M. Buhmann, S. Brandt, Z. Varga, P.J. Wild, 
D. Günther, B. Bodenmiller, Highly multiplexed imaging of tumor tissues with 
subcellular resolution by mass cytometry, Nat. Methods 11 (2014) 417–422, 
https://doi.org/10.1038/nmeth.2869. 

[146] H.W. Jackson, J.R. Fischer, V.R.T. Zanotelli, H.R. Ali, R. Mechera, S.D. Soysal, 
H. Moch, S. Muenst, Z. Varga, W.P. Weber, B. Bodenmiller, The single-cell 

pathology landscape of breast cancer, Nature 578 (2020) 615–620, https://doi. 
org/10.1038/s41586-019-1876-x. 

[147] M. Singh, P. Chaudhry, E. Gerdtsson, A. Maoz, W. Cozen, J. Hicks, P. Kuhn, 
S. Gruber, I. Siddiqi, A. Merchant, Highly multiplexed imaging mass cytometry 
allows visualization of tumor and immune cell interactions of the tumor 
microenvironment in FFPE tissue sections, Blood 130 (1) (2017), https://doi.org/ 
10.1182/BLOOD.V130.SUPPL_1.2751.2751, 2751-2751. 

[148] M. Angelo, S.C. Bendall, R. Finck, M.B. Hale, C. Hitzman, A.D. Borowsky, R. 
M. Levenson, J.B. Lowe, S.D. Liu, S. Zhao, Y. Natkunam, G.P. Nolan, Multiplexed 
ion beam imaging of human breast tumors, Nat. Med. 20 (2014) 436–442, 
https://doi.org/10.1038/nm.3488. 

[149] F.J. Hartmann, D. Mrdjen, E. McCaffrey, D.R. Glass, N.F. Greenwald, 
A. Bharadwaj, Z. Khair, S.G.S. Verberk, A. Baranski, R. Baskar, W. Graf, D. Van 
Valen, J. Van den Bossche, M. Angelo, S.C. Bendall, Single-cell metabolic profiling 
of human cytotoxic T cells, Nat. Biotechnol. 39 (2) (2020) 186–197, https://doi. 
org/10.1038/s41587-020-0651-8. 

[150] H. Baharlou, N.P. Canete, A.L. Cunningham, A.N. Harman, E. Patrick, Mass 
cytometry imaging for the study of human diseases—applications and data 
analysis strategies, Front. Immunol. 10 (2019), 2657, https://doi.org/10.3389/ 
fimmu.2019.02657. 

[151] F. Maibach, H. Sadozai, S.M. Seyed Jafari, R.E. Hunger, M. Schenk, Tumor- 
infiltrating lymphocytes and their prognostic value in cutaneous melanoma, 
Front. Immunol. 11 (2020) 2105, https://doi.org/10.3389/fimmu.2020.02105. 

[152] C.F. Woolley, M.A. Hayes, P. Mahanti, S. Douglass Gilman, T. Taylor, Theoretical 
limitations of quantification for noncompetitive sandwich immunoassays, Anal. 
Bioanal. Chem. 407 (28) (2015) 8605–8615, https://doi.org/10.1007/S00216- 
015-9018-2. 

[153] N. Slavov, Single-cell protein analysis by mass spectrometry, Curr. Opin. Chem. 
Biol. 60 (2021) 1–9, https://doi.org/10.1016/j.cbpa.2020.04.018. 

[154] R.T. Kelly, Single-cell proteomics: progress and prospects, Mol. Cell. Proteomics 
19 (11) (2020) 1739–1748, https://doi.org/10.1074/mcp.R120.002234. 

[155] Y. Zhu, P.D. Piehowski, R. Zhao, J. Chen, Y. Shen, R.J. Moore, A.K. Shukla, V. 
A. Petyuk, M. Campbell-Thompson, C.E. Mathews, R.D. Smith, W.J. Qian, R. 
T. Kelly, Nanodroplet processing platform for deep and quantitative proteome 
profiling of 10–100 mammalian cells, Nat. Commun. 9 (1) (2018), 882, https:// 
doi.org/10.1038/s41467-018-03367-w. 

[156] Z.Y. Li, M. Huang, X.K. Wang, Y. Zhu, J.S. Li, C.C.L. Wong, Q. Fang, Nanoliter- 
scale oil-air-droplet chip-based single cell proteomic analysis, Anal. Chem. 90 (8) 
(2018) 5430–5438, https://doi.org/10.1021/acs.analchem.8b00661. 

[157] H. Specht, G. Harmange, D.H. Perlman, E. Emmott, Z. Niziolek, B. Budnik, 
N. Slavov, Automated sample preparation for high-throughput single-cell 
proteomics, BioRxiv (2018), 399774, https://doi.org/10.1101/399774. 

[158] Y. Cong, Y. Liang, K. Motamedchaboki, R. Huguet, T. Truong, R. Zhao, Y. Shen, 
D. Lopez-Ferrer, Y. Zhu, R.T. Kelly, Improved single-cell proteome coverage using 
narrow-bore packed nanoLC columns and ultrasensitive mass spectrometry, Anal. 
Chem. 92 (3) (2020) 2665–2671, https://doi.org/10.1021/acs. 
analchem.9b04631. 

[159] B. Budnik, E. Levy, G. Harmange, N. Slavov, SCoPE-MS: mass spectrometry of 
single mammalian cells quantifies proteome heterogeneity during cell 
differentiation, Genome Biol. 19 (1) (2018), 161, https://doi.org/10.1186/ 
s13059-018-1547-5. 
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