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Abstract: Melanoma is a skin cancer with permanently increasing incidence and resistance to therapies
in advanced stages. Reports of spontaneous regression and tumour infiltration with T-lymphocytes
makes melanoma candidate for immunotherapies. Cytokines are key factors regulating immune
response and intercellular communication in tumour microenvironment. Cytokines may be used in
therapy of melanoma to modulate immune response. Cytokines also possess diagnostic and prognostic
potential and cytokine production may reflect effects of immunotherapies. The purpose of this review
is to give an overview of recent advances in proteomic techniques for the detection and quantification of
cytokines in melanoma research. Approaches covered span from mass spectrometry to immunoassays
for single molecule detection (ELISA, western blot), multiplex assays (chemiluminescent, bead-based
(Luminex) and planar antibody arrays), ultrasensitive techniques (Singulex, Simoa, immuno-PCR,
proximity ligation/extension assay, immunomagnetic reduction assay), to analyses of single cells
producing cytokines (ELISpot, flow cytometry, mass cytometry and emerging techniques for single
cell secretomics). Although this review is focused mainly on cancer and particularly melanoma,
the discussed techniques are in general applicable to broad research field of biology and medicine,
including stem cells, development, aging, immunology and intercellular communication.
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1. Introduction to Melanoma and Cytokines

1.1. Melanoma

Melanoma is one of the ten most common types of cancer with a steadily increasing incidence.
In Europe, 100,300 of the new cases and 22,200 of deaths from melanoma arose in 2012 [1]. In United
States melanoma belongs to the 5 most prevalent cancers in males [2].

Melanoma results from malignant transformation of melanocytes, which are naturally occurring
pigmented cells in the epidermis. Melanocytes are responsible for the production of an endogenous
pigment melanin, protecting the skin from harmful ultraviolet radiation [3]. Melanocytes originate
from neural crest. Outside the skin, melanocytes occur in eye, mucosal epithelia and meninges [4] and
therefore melanomas can be divided according to the place of origin to the most common cutaneous
melanoma, uveal melanoma and mucosal melanoma [5]. Factors influencing the development of
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melanoma include: the degree of skin pigmentation, the length of skin exposure to Ultraviolet (UV)
radiation [6,7] and hereditary predisposition, as about 10% of melanomas have familial occurrence [8].

To study melanoma pathogenesis and facilitate development of targeted therapies, several animal
models have been developed, including mouse, pig, horse, dog, zebrafish, chick embryo (to study
neural crest cell migration) and others (reviewed in [9–12]).

1.2. Spontaneous Regression

Melanoma belongs to the tumours with the highest rate of documented spontaneous regression [13].
Spontaneous regression is the partial or complete disappearance of a malignant tumour in the
absence of anticancer treatment. Melanoma regression is mostly partial, with rare reports of complete
regression (38 documented cases in 2005 [14]). Melanoma regression occurs probably in 3–5% of
tumours [15,16], although regression rates up to 50% have been documented [17]. Such a large variation
in reported regression prevalence may be caused by various evaluation criteria used among studies [18].
Nonetheless, regression occurs more frequently in early stages of tumours (Breslow’s thickness bellow
1.5 mm) [15] and is very rare (0.23%) in melanoma metastases [17].

Spontaneous regression is frequently accompanied by tumour infiltration by CD8+ and also CD4+
T-cells [18] and vitiligo, a hypopigmented skin lesion, which may be associated with an antitumour
response to melanocytes [19]. Interestingly, in patients with multiple asynchronous melanomas, the
incidence of spontaneous regression was higher in successive melanomas compared to primary tumour,
suggesting an increased anti-cancer immunity evoked by the primary lesion [20].

As the immune system plays an active role in melanoma regression, a strong evidence is provided
that melanoma would be amenable by immunotherapies [19].

1.3. Melanoma Treatment and Immunotherapies

While early stages of melanoma can be treated by surgical excision, tumours in later stages with
vertical growth and metastasis are refractory to therapies. The tumour excision can be supplemented
with chemotherapy and/or immunotherapy, as melanoma is typically an immunogenic tumour [16].
First cytokine therapies of melanoma were realized in the 1980s with interleukin 2 (IL-2) and interferon
α (IFNα) and up to 20% of tumours showed response to such therapies. However, the therapy was
often accompanied by toxic effects, including flu-syndrome, gastrointestinal symptoms and weigh
gain but also more serious symptoms like multi organ (heart, lung, liver, kidney and central nervous
system) toxicity [21–24].

Nowadays, better therapeutic responses with a lower incidence of side effects are achieved
by combination of cytokine application with other approaches, e.g., monoclonal antibodies [25,26],
kinase inhibitors [27], tumour-infiltrating T-cell [28], chemotherapeutic agents [29], stereotactic body
radiotherapy [30] or peptide vaccines [31,32]. The overall survival of advanced-stage melanoma patients
has improved dramatically in the last 5 years with development of immunotherapy by monoclonal
antibodies blocking cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell-death
protein 1 (PD-1) and with application of B-Raf or MEK kinase inhibitors in BRAF gene mutant
tumours [33]. Despite the progress in melanoma treatment, the efficacy of immunotherapies is still
unpredictable and many patients eventually develop resistance to treatment [33].

1.4. Tumour Microenvironment

Cells in tissues are living in precisely defined microenvironments, called also the niche or the
stroma. Similar to adult tissue stem cells, where the microenvironment is essential for stemness
maintenance, the environment in malignant tumours is indispensable for control of the cancer
stem cell division and tumour growth [34,35]. Melanoma microenvironment is formed not only
by intrinsic malignant cells but also by complex interactions with other cells, such as keratinocytes,
cancer-associated fibroblasts (CAFs), immune cells, blood/lymphatic endothelial cells as well as their
extracellular products, that all participate in tumour formation and growth [34,36]. To characterize
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the tumour microenvironment, Paulitschke et al. analysed proteins secreted by individual cell types
using shotgun proteomics [37]. Secretomes of normal skin human fibroblasts, CAFs from mouse
melanoma, primary human melanocytes, M24met melanoma cells, human umbilical vein endothelial
cells (HUVECs), monocyte-derived dendritic cells and cancer-associated fibroblasts isolated from bone
marrow of multiple myeloma patients have been compared. Several extracellular matrix proteins
and matrix remodelling enzymes have been commonly identified across samples. Macrophage
migration inhibitory factor (MIF) was identified in all samples except of the human fibroblast secretome.
Moreover, secretion of Interleukin-20 (IL-20), a structural protein of melanosomes Melanocyte protein
Pmel 17, Melanoma antigen gp75 and Melan-A protein were typical for primary melanocytes [37].

Crosstalk between keratinocytes and melanocytes exists already in a healthy skin. After UV
irradiation, keratinocytes produce the α-melanocyte stimulating hormone (αMSH) that stimulates
melanocytes to produce melanin. Melanin-containing vesicles (melanosomes) are then transferred to
keratinocytes, where the pigment protects keratinocyte nuclei from UV-caused DNA damage [4,38].
In melanoma, epidermis surrounding the tumour exhibits increased thickness. Transcriptomic
study identified Basic fibroblast growth factor (bFGF), GRO1 oncogene (GROα, CXCL1), IL-8 and
Vascular endothelial growth factor A (VEGF-A) to participate in such an effect of melanoma cells on
keratinocytes [39].

Fibroblasts are major cells in the connective tissue and are main producers of extracellular matrix
components. In healthy skin, fibroblasts also produce factors regulating proliferation, differentiation
and survival of melanocytes (e.g., Stem cell factor (SCF), bFGF, Hepatocyte growth factor (HGF),
Transforming growth factor-β (TGFβ)) or stimulating melanogenesis (Keratinocyte growth factor (KGF),
Neuregulin-1 (NRG-1)) (reviewed in [40]). Normal fibroblasts are also capable of secretion of IL-6, IL-8
and GROα and the interleukin 6 and 8 release significantly increases in presence of either keratinocytes
or cancer cells (FaDu hypopharyngeal carcinoma epithelial cells) [41]. Cancer-associated fibroblasts are
frequent cells in tumour stroma. In vitro co-culture experiments show that CAFs promote migration
and invasiveness of melanoma cells and such migration is dependent on IL-6 and IL-8 secretion.
Application of antibodies blocking the IL-6 and IL-8 activity fully inhibits the melanoma cell migration
in vitro [42]. Increased IL-6 and IL-8 expression have previously been well documented to correlate
with tumour progression (reviewed in [43,44]). CAFs from melanoma influence also keratinocytes and,
among others, induce expression of keratin type 14 (marker of proliferating basal layer keratinocytes)
and vimentin (marker of epithelial-to-mesenchymal transition) in keratinocytes [45].

Among the immune cells infiltrating tumour, the T-lymphocytes play a central role in anti-cancer
immunity and are thus in main focus of melanoma immunotherapies. The degree of T-cell infiltration
and T-cell phenotype in the tumour are important predictors of response of patients to cancer
immunotherapy [46]. An effort is applied to the search for melanoma antigen-specific cytotoxic T-cells
that could be used in therapy [47]. Adoptive cell therapy with tumour infiltrating T-lymphocytes,
isolated from patient’s tumour, in vitro expanded and applied via infusion, is already showing
positive outcomes as an effective treatment for metastatic melanoma [48]. On the other hand, tumour
infiltration by immunosuppressive cells, such as regulatory T-cells (Tregs) or immunosuppressive
tumour-associated macrophages (M2 TAMs), secreting anti-inflammatory cytokines, such as TGFβ
and IL-10 and pro-angiogenic factors, or expressing a PD-ligand, relates to unfavourable prognosis.
Such immunosuppressive cells represent targets of potential immunotherapies [49–51]. Other immune
cells present in tumour stroma, such as natural killer (NK) cells [52], plasmacytoid dendritic cells [53],
B-lymphocytes [54] or others, are less investigated. Nonetheless, immune cell components of malignant
melanoma could highlight new predictive biomarkers for response to immunotherapy and indicate
new immunotherapeutic approaches [51].
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Extracellular products are fundamental parts forming the tumour microenvironment. Not only
cellular interactions with extracellular matrix but also enzymes (e.g., matrix remodelling proteases),
secreted factors (including cytokines, chemokines, growth factors, angiogenic factors, etc.), extracellular
vesicles (EVs), such as exosomes [55,56], EV transferred miRNAs [57], nutrient and oxygen availability [58]
and other factors participate in control of tumour progression.

Therapeutic manipulation of tumour microenvironment seems to be a highly promising approach
in cancer therapy [35].

1.5. Cytokines

Cytokines are proteins that participate in cell signalling, intercellular communication and in
many cellular and immunological functions. Cytokines are produced by a broad range of cells but in
oncological research the most attention is paid on cytokines produced by immune cells. Cytokines
exert various functions from regulation of inflammatory response, through regulation of cell growth,
differentiation, chemotaxis, angiogenesis and many others. From analytical point of view, cytokines
represent mostly small proteins (peptides), however, the molecular mass can cover ranges from
approximately 6 to 70 kDa [59].

In cancer, cytokines represent key regulators that promote migration, invasion and metastasis of
cells. The expression and activity of cytokines are deregulated in many cancer types [60]. Transformed
cells produce pro-inflammatory cytokines, chemokines and growth factors that support cell survival
and proliferation and promote inflammation and angiogenesis. This results in recruitment of immune
and stromal cells into the tumour. Mediators secreted by the growing tumour, including cytokines,
further contribute to the cell proliferation, angiogenesis and inflammation but also to a matrix
remodelling, adhesive molecule expression changes and increased vascular permeability, leading
to a formation of metastatic microenvironment [60–62].

Diagnostic potential and prognostic significance of cytokines in cancer have already been
documented. Interleukin 8 is recognized as a chemotactic factor for neutrophils, however, it possesses
additional functions in angiogenesis and matrix-metalloproteinase activation. Angiogenesis and
metastases of melanoma may be accompanied by secretion of IL-8 from tumour stroma together with
its signalling through CXCR2 receptor [62,63]. Serum levels of IL-8 correlate with tumour stage [64]
and IL-8 has been suggested as a circulating biomarker of melanoma [65]. Similar to IL-8, production
of HGF by stromal cells and activation of Met receptor by HGF, influences melanoma invasiveness.
Elevated HGF levels in blood as well as presence of Met-containing exosomes are connected to
melanoma metastases and resistance to therapy [66,67]. Chemokines CCL17 (Thymus and activation
regulated chemokine (TARC)) and CCL22 (C-C motif chemokine 22) produced by tumour infiltrating
macrophages may help to recruit Tregs to tumour and maintain an immunosuppressive tumour
microenvironment in melanoma [50]. Another study analysed cytokine profile of cerebrospinal fluid in
brain metastasis of melanoma. Elevated levels of IL-8, Macrophage inflammatory protein-1β (MIP-1β),
Interferon gamma-induced protein 10 (IP-10) and TARC, have been reported and such molecules
represent potential metastasis predicting biomarkers [68].

In a study of therapeutic effects of ipilimumab (monoclonal antibody targeting CTLA-4), an
increased secretion of IL-1β, IL-2, IL-4, IL-5, IL-7, IL-8, IL-10, IL-13, IL-17, Granulocyte-colony
stimulating factor (G-CSF), Granulocyte-macrophage colony-stimulating factor (GM-CSF), HGF, IFNγ,
Monocyte chemoattractant protein 1 (MCP-1, CCL2) and VEGF from peripheral blood mononuclear
cells (PBMCs) showed a trend towards better recurrence free survival in melanoma [69]. Interestingly,
these cytokines belong to various functional groups with pro-inflammatory and anti-inflammatory
effects [69]. Possibilities of therapeutic administration of cytokines to induce anti-tumour responses
in melanoma have been reviewed by Xu et al. [70]. Cytokine employment to melanoma treatment
is currently mostly limited to IL-2 [71] and IFNα [72], although attempts of application of GM-CSF
encoded by oncolytic virus have been done [73]. Detecting the number of individual cytokines is
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useful for planning of targeted therapeutic approaches for melanoma or it can serve as an important
element in evaluating of the effectiveness of an ongoing treatment.

The purpose of this review is to give an overview of recent advances in techniques for the detection
and quantification of cytokines at the protein level, applicable to melanoma research. Techniques
covered span from single molecule to multiplex assays, including emerging ultrasensitive techniques
and analysis of individual cytokine producing cells. Developments in technologies of detection
from colour enzymatic reaction through chemiluminescence, fluorescence to ultrasensitive antibody
detection coupled to PCR amplification, surface plasmon resonance and other electrochemical, optical
or mechanical immunosensing led to sensitive detection of picogram to even femtogram per millilitre
values. In this review, the term cytokine is used in a broader meaning and covers also chemokines,
growth factors, angiogenic factors and other factors, as levels of such molecules reach similarly low
concentrations and such molecules often possess a pleiotropic effect that may participate in regulation
of similar cellular processes. Although this review is focused mainly on cancer and particularly
melanoma research, the discussed techniques are in general applicable to broad research field of
biology/medicine, including stem cells, development, degeneration, immunology and inter-cellular
communication and signalling.

2. Cytokine Detection Techniques

Cytokines are key players in inter-cellular communication and immune system regulation and
an extensive effort is applied on cytokine research in cancer. Significant development of proteomic
techniques achieved in the last 10 years led to establishment of powerful tools for cytokine detection
and quantification. However, accurate and reproducible measurement of cytokines faces several
challenges. These include low cytokine concentrations (reaching picograms per millilitre), dynamics in
cytokine secretion in time (transient secretion), cytokine binding to other proteins in the sample or
interference with other proteins/antibodies in the assay [74]. Moreover, the biological effect may result
from a large number of cytokines that act in complicated regulatory networks [74,75], which places
demands not only on simultaneous detection of multiple cytokines but also may lead to convoluted
interpretation of proteomic results. Current proteomic techniques for cytokine analysis are based on
mass spectrometry and immunoassays.

2.1. Mass Spectrometry

Mass spectrometry (MS) is a fundamental technique in proteomics, applicable for protein
identification and quantification. In a classical bottom-up proteomic workflow, proteins are isolated
(enrichment or prefractionation step can be added) and digested by specific protease (e.g., trypsin) to
smaller peptides. Peptides are then concentrated and desalted, separated by high-performance liquid
chromatography (HPLC), ionised and analysed by MS. Tandem mass spectrometer (MS/MS) measures
exact mass-to-charge (m/z) ratio of peptides (precursor ions) in MS experiment and their fragment
ions in MS/MS experiment. This approach allows very specific identification and quantification of
peptides/proteins.

Despite being a powerful proteomic technique, application of MS to cytokine analysis is
challenging. Several limitations of MS should be considered: (1) MS is able to detect only charged
(ionised) peptides but not all peptides are ionised with the same efficiency. Moreover, proteins with
low molecular weight (including most cytokine molecules) provide less peptides and taken together
with low abundance, these peptides will not be detected without enrichment or prefractionation [76].
(2) Sensitivity of shotgun MS is usually insufficient for detection of low abundant proteins (such as
cytokines) in complex biological samples (blood serum or plasma) without employment of sample
depletion or prefractionation. For example, the concentrations of serum albumin and IL-6 in human
plasma differ by 10 orders of magnitude [77]. (3) MS-based approach is highly reproducible but quality
controls (e.g., internal standard proteins/peptides) are essential for control of protein digestion efficacy,
HPLC peptide separation and MS performance. Shotgun proteomics (data dependent acquisition
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(DDA), see below) is partially stochastic, because precursor ions are selected for fragmentation by
computer-controlled algorithm according to ion signal intensities, thus slightly different lists of
identified proteins may yield from repeated analysis of the same complex sample, especially in
case of low abundant proteins. On the other hand, targeted methods (selected reaction monitoring
(SRM) or multiple reaction monitoring (MRM), see below) do not suffer this issue and offer robust
and reproducible analysis [76]. (4) Protein identification depends on protein databases and may suffer
from insufficient coverage for non-human organisms (e.g., animal models used in biomedical research).
As an example from our experience, the Swiss-Prot database (UniProt Release 2017_10) contains 1421
reviewed proteins for pig (Sus scrofa), compared to 20,239 reviewed proteins for human (Homo sapiens).
Although there is a possibility to use reference proteome based-on genome assembly to get deeper
coverage, data has to be evaluated carefully, as protein duplications or errors in protein sequence occur.

Taken together, MS approaches provide relatively easy multiplexing capability and higher
specificity but lower sensitivity than immunoassays.

2.1.1. Data Dependent Acquisition (DDA)—Shotgun Proteomics

Shotgun proteomics aims to identify all (detectable) proteins that are present in a sample without
prior knowledge or pre-selection of analytes. Shotgun proteomics requires use of tandem mass
spectrometers and the method works in cycles. Firstly, a scan for precursor ions is done (MS experiment).
Then a predefined number of precursor ions with the highest signal intensity is automatically selected
for fragmentation. The resulting fragment ions are then analysed in a MS/MS experiments. When all
precursor ions meeting selection criteria are fragmented and analysed, new cycle starts. Depending on
the sample, tens to thousands of proteins can be identified or quantified by such an approach. However,
due to partial stochasticity of ion selection for fragmentation, it is necessary to verify quantification
results of DDA measurement by an independent method (e.g., western blot).

Although shotgun proteomics is capable of detecting analytes in the femtomole or attomole
range, its sensitivity is mostly insufficient for detection of cytokines in blood plasma [77]. However,
cytokines might still be detectable by MS in culture media conditioned by cells in vitro, as the culture
medium (particularly a serum-deprived formula) represents less complex sample and as the cytokine
production in vitro may be higher (due to more or less uniform cell populations cultured in a limited
volume) and more synchronized (e.g., by cell activation). Nonetheless, the cytokine production by
cultured cells may not fully resemble the in vivo physiological state.

Shotgun analysis of secretomes of melanoma cell lines from three different metastases of the same
patient was performed by Rocco et al. [78]. Cytokine Growth/differentiation factor 15 (GDF15) was
identified in all three secretomes. Moreover, Melanoma-derived growth regulatory protein (MIA) and
Osteopontin (SPP1) were identified in secretome of one particular metastatic cell line [78]. Several
cytokines, including GDF15, IL-6, IL-8, IL-18 and MIA, have been identified by shotgun MS in a study
of secretomes of lung metastases derived from melanoma and breast cancer [79]. Interestingly, the
GDF15, also called Macrophage Inhibitory Cytokine-1 (MIC-1), has been previously recognized as a
promising biomarker of metastatic melanoma [80].

2.1.2. Data Independent Acquisition

Data independent acquisition (DIA), in contrast to DDA, provides information about quantity
of all detected proteins, without specific selection of certain proteins (peptides) for analysis. DIA, for
example Sequential Windowed Acquisition of all Theoretical Mass Spectra (SWATH-MS) method,
is used for a discovery-based approach. All precursor ions in a specific window of m/z values in
MS experiment are fragmented together and these fragments are detected in MS/MS experiment.
This approach allows for identification and quantification of peptides, which would not be selected
for fragmentation and thus remained undetected in DDA analysis. Assay library is essential for
identification of peptides from such complex spectra from MS/MS experiments. The library is
generated by shotgun measurements of the same samples, or for deeper coverage of proteome,
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assay library can be prepared by measurements of many samples of different cell types, tissues or
sample fractionations. Human proteome assay library containing more than 10,000 proteins is publicly
available [81]. SWATH-MS approach was shown to be reproducible with high selectivity, accuracy and
sensitivity [82]. Capability of SWATH-MS to serve as a tool in search for biomarkers, even in a clinical
research, was reviewed recently [83].

The DIA method enabled identification of several growth factors and cytokines in medium
conditioned by malignant cells. Lin et al. analysed glycoproteins in secretomes of colon adenocarcinoma
cell line and its derived metastatic cells [84]. They identified 568 proteins in total, with 421 proteins
suitable for quantification, including cytokines such as GDF15, Insulin-like growth factor II (IGF-II),
Macrophage colony-stimulating factor 1 (M-CSF) and TGFβ-1. Study of secretomes from malignant
mesothelioma cell lines and mesothelial cells revealed 421 secreted proteins including M-CSF, MIF and
TGFβ-1 [85].

2.1.3. Selected Reaction Monitoring and Multiple Reaction Monitoring

SRM and MRM approaches have been developed for targeted analysis and quantification of
selected protein(s) in a complex sample. Such approaches rely on a specific tandem MS instrument—
triple quadrupole (QQQ). First quadrupole (Q1) selects precursor ions of particular m/z, which are
then passed to the second quadrupole (Q2) that serves as a collision cell, where precursor ions are
fragmented by collisions with molecules of inert gas (e.g., helium). The third quadrupole (Q3) then
selects specific type of fragment ions of particular m/z (Figure 1). The first and third quadrupole thus
works as m/z filters analysing predefined pair of precursor and fragment ions, so-called transition.
This approach cannot be used for discovery analyses, because this method enables measurement of
predefined transitions only. Specificity of the measurement is assured not only by Q1 and Q3 but also by
elution of peptides from HPLC system (retention time). Addona et al. proved that MRM approach with
standardized protocol is robust and reproducible between different laboratories and MS platforms [86].

MRM method is capable to absolutely quantify 142 proteins (312 peptides) from non-depleted
and non-enriched human plasma in concentration ranges 31 mg/mL to 44 ng/mL in one 43 min
analysis [87]. Interestingly, purchase of a MS instrument for MRM measurements represents
approximately same expense as a development of five new ELISA assays [88].
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Figure 1. Principle of SRM assay for targeted protein quantification by mass spectrometry. Peptides
from sample are separated by reversed-phase HPLC and eluted with specific retention times. Ionised
peptides are analysed by triple quadrupole (QQQ) MS instrument. In quadrupole Q1, particular
peptide with preset m/z value is selected (precursor ion, purple colour) and passed to Q2, whereas
other ions are filtered out (dashed line arrows). In Q2, fragmentation of the selected precursor ion
occurs, due to collisions with molecules of inert gas (helium—grey colour). Originating fragment ions
are filtered by Q3 (dashed line arrows) and only fragment ion with preset m/z value (yellow colour) is
passed to detector, where fragment ion intensity is recorded. As a preset pair of precursor and fragment
ion with particular m/z (transition) is measured, the SRM method is very specific.
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In focus on low abundant proteins, Bredehöft et al. developed MRM method for quantification
on human IGF-1 after its immunoaffinity isolation from plasma samples with detection limit
20–50 ng/mL [89]. Anderson et al. used Stable Isotope Standards and Capture by Anti-Peptide
Antibodies (SISCAPA) approach to purify peptides of IL-6 and tumour necrosis factor-α (TNFα) from
human plasma samples and employed SRM for their precise quantification [90]. The SISCAPA method
was later used for quantification of other cytokines (e.g., G-CSF and Interleukin-1 receptor antagonist
(IL-1ra)) with detection limits approximately 1 ng/mL in human plasma [91].

2.1.4. Immunoassays Coupled with MS Analyses

Sherma et al. described Mass Spectrometric Immunoassay (MSIA) approach for detection and
quantification of MIF in human serum samples [92]. MIF was firstly enriched by MIF antibodies
and then measured by MALDI-TOF (Matrix-assisted laser desorption ionisation-Time-of-flight) MS
instrument. This method allows for quantification of MIF in concentration 1.56–50 ng/mL with a good
correlation to ELISA. Moreover, different proteoforms of MIF (posttranslationaly modified, e.g., by
cysteinylation) could be identified and quantified [92].

Direct immunoaffinity desorption/ionization (DIADI) MS is a recently developed method
involving affinity capture of analytes by specific antibodies on protein chip and detection/quantification
by MS instrument [93]. Protein chips (e.g., antibodies, lectins etc.) are prepared by ambient ion landing
on MALDI plate. Samples are then added on the MALDI protein chip, covered with matrix and analysed
by MALDI MS instrument. For example, detection limit for leptin in serum is 160 ng/mL. Performance
of this approach was proved by detection of haptoglobin in human serum from 116 patients [94]. This
method allows to distinguish two isoforms of haptoglobin with affinity to the same antibody.

2.2. Immunoassays for Quantification of Secreted Cytokines

Proteomic techniques for cytokine detection/quantification rely mainly on immunoassays.
Immunoassays take advantage of high sensitivity of antibodies to detect proteins of interest. In the
detection of cytokines secreted to body fluids or cell culture media, common immunoassays mostly
reach sensitivity in 1–100 pg/mL protein concentrations that is 109 times lower than concentration of
the most abundant blood plasma proteins. Sandwich immunoassays in various formats are mostly
used for secreted cytokine quantification (Figure 2).
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Figure 2. Principles of common immunoassays. (A) Sandwich immunoassays use matched pair of
capture and detection antibody. Capture antibody is immobilized on a solid support, such as in 96-well
plate, on beads, glass or a membrane array. Detection antibody conjugated to an enzyme, fluorescent
tag or DNA tag, enables the quantification of cytokine; (B) in direct label assays, the proteins in analysed
sample are labelled by fluorescent tags and incubated with an array of antibodies.
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Quantification of cytokine levels by immunoassays usually depends on calibration curves,
constructed from signal intensities of known standard concentrations. The availability of epitopes
and specific/nonspecific binding of antibodies to antigens are strongly influenced by the sample
composition (e.g., presence of other proteins, ions, salts, pH, or sample viscosity). Minimizing of
such matrix effects, e.g., by resembling the sample matrix composition (sample background) also in
calibration standards, or by sample dilution, is a prerequisite for low assay background and proper
quantification. Moreover, suitable controls, e.g., negative, positive, in-house quality controls (sample
that has been previously measured) or even spike-in controls should be included to validate assay
performance. Following sections list immunoassays in the order based on the level of multiplexing,
i.e., the number of simultaneously measurable analytes.

2.2.1. ELISA

ELISA (enzyme-linked immunosorbent assay), developed in 1971 [95,96], is a crucial technique
for single analyte quantification in basic research and also in clinical settings. The sandwich ELISA,
due to combination of two specific antibodies, enable analysis of complex samples with high specificity
for analyte detection without the need of sample pre-fractionation [97]. The sample is incubated with
a capture antibody immobilized in 96-well plate. Then, the sample is washed out and the detection
antibody is added. Detection antibody can be directly conjugated to an enzyme, or additional secondary
detection antibody-enzyme conjugate is used. After addition of substrate, the enzyme produces a
coloured product that is detected in the microplate reader. The capture and detection antibodies must
be validated to work together (to bind to different epitopes on the antigen). In cytokine analysis, the
commercial ELISA ready-to-use kits with optimized antibody pairs are available for broad spectrum
of targets and species.

ELISA immunoassays are quite popular because of their high specificity, sensitivity, rapid
turnaround time, convenience, the ease of performance and a relatively low cost [98]. However,
in the need of multiple analyte measurement, running of multiple ELISAs places substantial demands
on time, costs and sample amounts. The multiplex techniques may overcome such issues.

2.2.2. Western Blot

Despite being developed almost 40 years ago [99], western blotting still represents a key and
powerful biochemical technique for protein detection and relative quantification. Unlike ELISA, which
is suitable for cytokine detection in solution, western blotting is preferably suited for analysis of
intracellular cytokines and cytokines in complex biological samples and tissues. Western blotting
is based on separation of denatured proteins in polyacrylamide gels followed by protein transfer to
nitrocellulose or polyvinylidene difluoride membranes and detection by specific antibodies. Although
the western blotting may not be as sensitive as ELISA in cytokine detection, it represents irreplaceable
technique that provides additional information of protein molecular weight. Thus, western blotting
can be applied to distinguish splice variants or detect cytokine molecule degradation and can also
distinguish inactive precursors from the active forms. For example, IL-1β, a pro-inflammatory and
pleiotropic cytokine abundant in tumours, is produced as 31 kDa precursor that is further processed
by caspase-1 to a mature active 17 kDa form [100]. Western blotting enables to distinguish processed
and unprocessed caspase-1 and/or IL-1β molecules and indirectly provides information about protein
activation [101,102].

Western blotting can be also applied to study protein phosphorylation using phospho-site-specific
antibodies. For instance, such approach was applied to study VEGF receptor phosphorylation in
uveal melanoma cell lines to monitor effects of VEGF-A and its inhibitor (bevacizumab) on cell
proliferation, migration and invasion and production of other cytokines [103]. Protein phosphorylation
and intracellular signalling pathways can be effectively studied by multiplex techniques and various
kits are offered on market.
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Techniques for subcellular fractionation prior cytokine detection can distinguish nuclear and
cytoplasmic localization [104,105]. Most of the cytokines are localized in the cytoplasm of the producing
cell before secretion. However, for some cytokines, such as IL-1 family members IL-1α [106], IL-33
and IL-37 [107–109], nuclear localization has been detected. Nuclear localisation of IL-1α is mostly
observed in resting cells, where IL-1α is probably acting as a transcription factor regulating cell growth
and differentiation [100,109]. Similarly, nuclear localisation of a potent pro-inflammatory cytokine
TNFα was detected. The TNFα release from stimulated cells could be blocked by leptomycin B,
a specific inhibitor of nuclear protein export [110].

2.2.3. Electrochemiluminescence Immunoassays

Electrochemiluminescence (ECL) is an electrochemical reaction converting electrical energy to
emission of light. ECL can be used for sensitive detection of biomolecules (reviewed in [111–113]).
The first ECL immunoassay has been developed in nineties [114], utilizing ruthenium complexes
for electrochemiluminescence reaction [115]. Currently, ECL is widely used in routine and custom
immunoassays in clinical, preclinical and research testing. The research ECL immunoassay platforms
are commercially available from Meso Scale Diagnostics (MSD) Company (Rockville, MD, USA).
Their Multi-Array technology allows simultaneous quantification of one to ten analytes using a
convenient format of 96 or 384-well plates. In the bottom of each well, carbon electrodes are placed,
each pre-coated with one or several anti-cytokine capture antibodies. After incubation with sample,
the detection antibodies, conjugated to an electrochemiluminescent label (sulfo-tag), are added. The
sulfo-tags emit light when electricity is applied on the plate electrodes and light intensity is measured
to quantify analytes in the sample. The Multi-Arrays ensure low background, as only labels near
the electrode surface are detected. The arrays provide high sensitivity, broad dynamic range of
quantification and similar results of absolute quantification, comparable to bead-based cytometric
assays [116–118]. Kits for detection of hundreds of analytes are available with additional possibility to
build custom assays.

ECL immunoassays, using both clinical or research platforms, find broad application in cancer
research to detect tumour antigens (e.g., CEA, CA-125, PSA) and have also been applied to study
cytokines associated with the disease [119–122].

2.2.4. Antibody Arrays

In the past 10 years, popularity and availability of multiplex immunoassays, that enable
quantification of up to tens (theoretically of hundreds) of analytes in a single measurement, have
grown rapidly. The reasons arise mainly from the fact that single cytokine is often insufficient as a
true disease biomarker. As molecules and cells act in complicated networks and regulation of multiple
entities leads to the observed effect, a more global view requiring multiplex platforms is needed to
understand true disease biology [123]. Simultaneous measurement of multiple analytes saves time,
costs and, importantly, sample requirements. Antibody arrays are mostly used in form of bead-based
arrays (such as Luminex assays, Austin, TX, USA) or planar arrays (antibody arrays and antibody
microarrays) [123,124].

Bead-Based Arrays

Bead based multiplex assays belong to the most used formats of multiplex cytokine assays, due to
their high accuracy, sensitivity, reproducibility, broad dynamic range of quantification, high throughput
and capability to quantify multiple analytes using as low as 25 to 50 µL of the sample. Such arrays
have been built on the principle of sandwich ELISA, with the capture antibodies immobilized on
microbeads. The microbeads possess internal fluorescence label that is unique for each measured
analyte. The detection antibodies are mostly biotinylated and a streptavidin-phycoerytrhin conjugate
is used for cytokine detection and quantification. Cytokine measurement is performed in a flow
cytometer or dedicated Luminex instrument based on 2 measured signals. In the typical Luminex
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settings, the red laser (classification laser) excites the bead internal dye to identify each microsphere
particle (analyte). At the same time, the cytokine amount is quantified from fluorescence intensity of
phycoerythrin, which has been excited by a green laser (detection laser).

Two types of microbeads may be used in the assays, polystyren or magnetic beads. Polystyren
beads were historically the first developed for Luminex assays. However, their incubation and washing
using filter 96-well plates may be accompanied by leaking and clogging problems, leading to reduced
accuracy and precision [125]. Such problems have been overcome by development of magnetic beads,
with fast and highly effective washing performed by hand-held magnet or automated magnetic
plate washer.

Using Luminex assays, theoretically up to 100 analytes can be measured simultaneously. However,
to avoid cross reactivity of antibodies and incorrect results, practical level of multiplexing reaches
around 30 analytes in one panel. Combination of panels leads to hundreds to thousand detectable
analytes. Currently, kits for human, mouse, rat, canine, monkey and porcine samples are available to
cover various model organisms, with permanently growing number of covered analytes and species.
Moreover, custom assays can be built by antibody coupling to magnetic beads and Luminex Corp.
provides support for their customers in custom assay development.

Detection range of bead-based arrays spans over 3–4 orders of magnitude with the sensitivity
reaching low picogram/mL concentrations. As in other immunoassays, good pipetting technique is
critical to ensure high precision and accurate results. Using precise reversed pipetting and optimized
dilution of standards, the lower limit of detection may be expanded below 1 pg/mL for some cytokines
(Figure 3) [126]. Correct quantification at the lower end of the calibration curve is often crucial
for setting a baseline of the control samples, e.g., in analysis of healthy control human samples or
in vitro cultured unstimulated cells and non-immune cells, where the cytokine production is mostly
low. In such cases, concentration of conditioned cell culture medium prior analysis may seem to be
advantageous to increase cytokine concentrations. However, the sample concentration (e.g., by 3 kDa
MWCO centrifugation filters) is not bringing the expected benefits. In our experiments, concentration
of culture medium samples to 10% of its original volume led to only 1–5 time increase of the cytokines
compared to original unconcentrated sample. Cytokine molecule degradation, adhesion to the filter,
protein aggregation/precipitation or other factors may participate in the protein loss. Opposite
situation occurs in plasma or serum samples, where increasing sample concentration is practically
impossible due to already high protein content. Interestingly, from our experience, 2-fold diluted
serum or plasma provide better cytokine concentration readings (e.g., lower variation of sample
replicates) than use of undiluted samples. Sample dilution may lead to reduction of sample viscosity
ensuring better availability of epitopes to antibodies. Reduction of matrix effect in diluted samples
was observed also by Rosenberg-Hasson et al. [127].

Bead-based arrays find broad applications in cancer research, including melanoma research.
Immunotherapeutic predictive or prognostic values of serum cytokines were tested in melanoma
patients treated by adjuvant interferon [128] and ipilimumab [69]. Blood plasma cytokines have been
analysed in patients with unresectable in-transit extremity melanoma, treated by isolated limb infusion
with melphalan [129]. In uveal melanoma, bead-based arrays have been used to monitor response
of PBMCs cells to stimulation by differentiation and tumour antigens [130] and to detect cytokines
secreted into vitreous humour [131]. At the cellular level, Luminex assay was used to map cross-talk
between fibroblasts and epithelial cells [41].
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Figure 3. Optimization of standard curve to detect low amounts of IFNα by Luminex array. (A) Typical
calibration curve covers 3–4 LOGs of cytokine concentration; (B) for some cytokines, additional data
points at the lower end of the curve enable quantification of low cytokine concentration in samples and
expansion of quantification over 4 orders of magnitude in cytokine concentration. Standard curves
are calculated by drLumi package [132] in R statistical environment, full line shows standard curve fit
to calibration standards (blue diamonds), dotted lines show prediction interval. Data points of real
samples of experimental pig model body fluids are shown as orange circles. Three circles with the
lowest IFNα concentration represent healthy control untreated animals.

Planar Antibody Arrays

Antibody arrays are widely recognized as a reliable and robust methodology for mining multiplex
data from complex proteomes with high sensitivity, high specificity and high throughput [123]. The first
antibody arrays have been developed by Chang in 1983 by spotting antibodies in 10 × 10 and 20 × 20
grids on 1 cm2 area of glass cover slips [133]. Current arrays are mostly based on sandwich or direct
label layout (Figure 2). Sandwich arrays use antibody pairs that have to be validated and checked
for cross-reactivity to every other antigen/antibody in the array. From that reasons, practical sizes
of the arrays mostly cover between 10 and 80 analytes. By combination of several arrays, detection
and quantification of up to 1000 secreted human proteins, such as cytokines, chemokines, adipokines,
growth factors, proteases, soluble receptors and other proteins, in human samples can be achieved [134].
In research on animals, up to 200 mouse, 67 rat, 50 porcine, 30 bovine, canine and rabbit, 20 ovine
and 10 equine, feline, Rhesus Monkey, chicken and dolphin cytokines can be currently quantitatively
measured by combination of antibody arrays (data based on on-line catalogues of major producers
Raybiotech, Abcam and RnD).

Antibodies are printed mostly on nitrocellulose membrane or glass slide as a solid support
(Figure 4). Membrane arrays are usually semi-quantitative (enable fold-change readings) with
chemiluminescent or fluorescent detection and are easily processed similarly as western blot membranes
without the need of specialized laboratory equipment. Glass slide arrays accommodate denser antibody
prints and are mostly quantitative with fluorescent detection. Scanning of fluorescent arrays requires
array scanner but is commonly offered as a payed service. For easy handling, glass slide arrays
mostly consist of 2 × 8 subarrays, arranged in the format of 2 columns of the 96-well plate, enabling
analysis of up to 16 samples or calibration standards on one slide. Four slides can be adopted into a
frame resembling 96-well plate, enabling automation. Antibodies are spotted in several replicates for
variability evaluation and proper quantification.
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Bead-based and planar antibody arrays have been utilized or are potentially applicable to a wide
range of cancer studies, including search for diagnostic and prognostic biomarkers, evaluation of
antitumour treatment efficacy, understanding of the biology underlining tumourigenesis and tumour
progression [123,135,136], including mapping the role of tumour microenvironment and inter-cellular
cross-talk [137].
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2.3. Emerging Techniques for Ultrasensitive Detection of Secreted Cytokines

Current technological improvements led to development of ultrasensitive techniques that
significantly enhance the detection of analytes at low concentration in pg/mL to fg/mL range [138–140].
Beside cytokine analysis, the ultrasensitive techniques are designed for detection of biomarkers present in
the blood plasma/serum at very low levels to facilitate diagnostics of early stages of diseases, such as
in neurodegenerative [140], cardiovascular diseases [141], inflammation or cancer [142]. Ultrasensitive
methods are proposed to improve sensitivity, selectivity, simplicity and minimize the sample matrix effects
together with minimizing the sample volumes. In addition to traditional colorimetric, chemiluminescent
and fluorescent detection, the emerging technologies rely on electrochemical, optical [143], mechanical
or surface plasmon resonance [144] biosensing, reviewed in [74,142,145–147]. Developments in
nanotechnologies enable construction of microfluidic devices and biochips [74]. Moreover, concentration
of an analyte to minimal volumes using femtoliter-sized wells, optical fibres, microfluidics compartments,
or nanodroplets enables readout at the level of single events [148,149]. Combination of microfluidics
and nanotechnologies with a variety of ultrasensitive reporters has a potential to reach unprecedented
sensitivities approaching 1000 protein molecules per microliter, i.e., the aM–fM range [142,150].
However, most of the emerging techniques utilize purified proteins and simple sample matrices.
The robustness of such techniques in the context of complex biological samples still remains to be
demonstrated before their potential application in biological research and clinical practice [142].

Selected more or less established ultrasensitive technologies are mentioned in the following
paragraphs. Due to the large variety of emerging technologies for cytokine biosensing, it is out of the
scope of this review to provide global information on all of them. Several reviews have been published
in the last 3 years, where the more detailed information on biosensing can be found [59,74,143–146].
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2.3.1. Single Molecule Counting (Singulex)

Single Molecule Counting (SMC) technology, originally developed by Singulex Inc. (Alameda,
CA, USA), combines bead-based immunoassay with Single Molecule Counting detection [151,152].
Classical 96-well plate format bead-based immunoassay is used to form sandwich complexes (magnetic
bead coated by capture antibody—antigen—fluorescently labelled detection antibody). Then, the
sandwich complex is disrupted and eluted fluorescently-labelled detection antibodies are analysed
using proprietary digital SMC technology. SMC counts single molecule fluorescent signals (“flashes”)
using laser confocal microscope digital counter. SMC assay kits offer detection of cytokines in human
samples with sensitivity in sub-pg/mL levels. Custom assays for various analytes can be built.
Adaptation of the SMC technology employing 3 different lasers enabled multiplex (3-plex) detection of
IL-4, IL-6 and IL-10 levels in blood plasma of healthy donors with single pg/mL sensitivity [153].

2.3.2. Single Molecule Array (Simoa)

Single Molecule Array (Simoa), developed by Quanterix Corp. (Lexington, MA, USA), is a
digital ELISA that reaches astonishing sensitivity up to sub fg/mL concentration [138]. Simoa is
based on classical sandwich immunoassay on magnetic beads followed by digital detection. Antigen
is captured by an antibody immobilized on magnetic microbeads and by addition of biotinylated
detection antibody and streptavidin-labelled enzyme, an immunocomplex is formed. Beads are then
loaded into a microwell array consisting of 50,000 wells (46 fL wells, each can accommodate only one
bead) and sealed in the presence of fluorogenic substrate. Due to extremely small reaction volume,
the concentration of fluorescent product easily reaches a detectable range even if only one enzyme
molecule is present in the well [154]. Very low analyte concentrations, i.e., zero or one antigen on
each bead, can be directly determined from number of fluorescent wells and total number of beads
in the array by digital readout (0 or 1 signal). In higher analyte concentrations, direct quantification
from fluorescence intensity (analogue readout) is applied. Simoa is open for multiplexing by using
beads labelled by distinct fluorescent dyes [155] and currently up to 10 analytes can be simultaneously
measured. Multiplex Simoa for simultaneous detection of 6 cytokines showed 0.01–0.03 pg/mL limit
of detection [156]. In another study, Simoa assays for 10 cytokines in human serum samples have
shown limit of detection between 0.001–0.217 pg/mL [154]. Kits for various analytes are available
from Quanterix Corp.

2.3.3. Immuno-PCR

ImmunoPCR, originally described in 1992 [157], takes advantage of high specificity of
immunoassays and high sensitivity of polymerase chain reaction (PCR). Polymerase enzyme allows
for an exponential signal amplification compared to the linear relation between substrate and product
in conventional ELISA and provides up to 1000× higher sensitivity than common ELISA [158–160].

ImmunoPCR in sandwich format, identically to sandwich ELISA, is performed in 96-well
plate coated by the capture antibody. Unlike to enzyme-antibody conjugates used for detection
in ELISA assay, the immunoPCR utilizes detection antibody covalently conjugated to DNA and
detected by quantitative PCR. Commercial ready-to-use covalent conjugates (Imperacer®, Chimera
Biotec, Dortmund, Germany) or kits for their production are now available [159]. Detailed protocol
for immunoPCR assay development for IL-6 in plasma was described by [161]. Applications of
immuno-PCR for the detection of early stage cancer were currently reviewed in [162,163].

Although the merits of immuno-PCR are obvious (e.g., ultra-sensitivity, good reproducibility and
universality), its main limitation is a high background and the need of extensive washing steps [160].
Proximity ligation assay (PLA) and Proximity extension assay (PEA) have been developed recently to
reduce nonspecific binding and shorten processing time of immunoPCR.
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2.3.4. Proximity Ligation Assay

Proximity ligation assay (PLA) was originally described by Fredriksson et al. [164], who used
a DNA aptamer with affinity to platelet-derived growth factor (PDGF) protein to quantify PGDF.
Homodimer PDGF-BB can accommodate two aptamer molecules, each of them having extensions for
primer binding and additional extension to be joined by ligation upon hybridization to a common
connector oligonucleotide. Real-time detection of PCR products could detect as low as 10−20 molar
protein concentrations [164].

In current proximity ligation assays, antibodies binding pairwise to adjacent epitopes of target
proteins are used. In case of direct PLA, such antibodies are biotinylated and combined with
oligonucleotides covalently attached to streptavidin at either their 5′- or 3′-ends. In indirect PLA,
unmodified primary antibodies risen in 2 different species are used, which are detected with secondary
antibodies conjugated to the DNA strand [165].

Kits and reagents are now commercialized, including Duolink® (Merck, Darmstadt, Germany),
TaqMan® Protein Assay (Thermo Fisher Scientific, Waltham, MA USA), ProQuantum High-Sensitivity
Immunoassays (Thermo Fisher Scientific) or Proximity Ligation Assay (Abnova, Taipei, Taiwan).
The applications of PLA enable also studies of protein interactions, phosphorylations or in situ
subcellular localisation.

2.3.5. Proximity Extension Assay

Proximity Extension Assay (PEA) is an alternative to PLA. The main difference between the
two techniques is that the ligation event of PLA is replaced by a DNA polymerisation step in PEA,
which minimizes the background noise and improves assay sensitivity [165]. PEA assays use matched
antibody pairs linked to either 3′ or 5′ ends of unique single-stranded DNA sequences. The other
(unoccupied) ends of ssDNA are complementary, allowing for pair-wise annealing with the other
oligonucleotide and extension by a DNA polymerase. Each oligonucleotide contains a primer-binding
site. Thus, only in case of specific binding of both antibodies to one protein and complementary ssDNA
sequence hybridization, the PCR product is formed and quantified by qPCR. Such PEA has been
commercialized by Olink (Uppsala, Sweden). Unlike conventional immunoassays, where multiplexing
degree is limited by unspecific binding (cross reactivity) of antibodies, in PEA only matched DNAs
are amplified, which enables high specificity and high degree of multiplexing. The Proseek Multiplex
panels (Olink) enable analysis of 92 protein biomarkers across 96 samples simultaneously, using 1 µL
of sample.

2.3.6. ImmunoMagnetic Reduction Assay

Magnetic susceptibility reduction as a bioanalytical technique was described in 2006 [166], where
biotinylated magnetic nanoparticles were used to detect avidin. Current immuno magnetic reduction
(IMR) assays are using capture antibodies immobilized on magnetic nanoparticles. Such nanoparticles
are homogeneously dispersed in a solution and oscillate by application of external multiple alternating
current (AC) magnetic fields (i.e., are susceptible to the magnetic field). Upon addition of the analysed
sample, nanoparticles become heavier due to the capture of analyte molecules by antibodies. This
results in reduced response of nanoparticles to the magnetic field. Degree of reduction of AC magnetic
susceptibility corresponds to the amount of the target molecules present in the sample. Highly sensitive
magnetometer detectors enable to detect proteins at pg/mL concentrations [167].

The main advantage of the IMR assay is that it is simple technique that does not need
washing steps to remove unbound reagents. Moreover, the assay is highly sensitive and quantitative.
For example, concentration ranges 1–50,000 pg/mL and 0.3 fg/mL–300 pg/mL of amyloid-β1-42
and α-synuclein, respectively, could be covered [147,167]. Unlike sandwich immunoassays, the IMR
assay uses just one antibody (“capture” antibody). The assay specificity is ensured by oscillatory
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movements of nanoparticles, where weak non-specific antigen-antibody interactions are disrupted
due to centrifugal forces evoked on nanoparticles by application of magnetic fields.

The IMR assay is currently aimed at identification of early stages of diseases, such as
neurodegenerative diseases [147,167,168], cancer [169–171] and viral infections [172]. In cancer research,
assay kits for VEGF [169] and carcinoembryonic antigen [170] are available.

Despite sensitive and elegant cytokine quantification by immunotechniques, the absolute cytokine
concentrations should be interpreted with caution. An extensive inter-assay comparison of 9 emerging
or well-established platforms for cytokine quantification was performed by Yeung et al. to evaluate
4 selected cytokine (IL-6, TNFα, IL-17a, IL-2) levels [173]. Despite using the same reference set of
human serum samples, different immunoassays yielded different quantitative results. With a primary
focus on assay sensitivity and accuracy, Simoa (Quanterix) and Erenna (Singulex) platforms showed
the best performance, followed by V-plex (MSD) and Ella (ProteinSimple; an automated ELISA using
microfluidic cartridge) assays [173]. Similar comparison of 14 immunoassays (ELISA, bead-based
arrays and MSD) with absorbance, chemiluminescence, electrochemiluminescence and fluorescence
detection of IL-1β and IL-6 showed significant inter-laboratory and inter-assay variations [174].

2.4. Single-Cell Analyses

Immunoassays are frequently aimed at measuring cytokine production by large numbers of cells,
such as cytokines released into the tumour tissue, to body fluids (e.g., blood) or cytokines released by
cells cultured in vitro. Thus, the cytokine producing cell populations are mostly heterogeneous and
only the average response of cells is measured. Analysis of rare subsets of cells (like antigen-specific
T-cells or B-cells) by common methods is challenging, if not impossible, as such cells contribute only a
minor component of the total measurement [175]. Thus, techniques to detect cytokine production by
single cells have been developed.

2.4.1. ELISpot

Enzyme-linked ImmunoSpot (ELISpot) assay has been originally developed for detection of
antibody producing cells [176]. Later, ELISpot was adapted to enumerating of activated T-cells secreting
IFNγ among human peripheral blood lymphocytes [177]. Since then, ELISpot became popular as an
easy and highly quantitative assay for detection of single cell producing cytokine and monitoring
cellular response to various stimuli [178].

In this technique, cells are incubated in wells of 96-well plate coated with a capture antibody that
captures the secreted cytokine. After the removal of cells, enzyme-conjugated detection antibody is
added and cytokine production is visualized by a colour reaction. Position of each cytokine-producing
cell is visualized as a spot. Number and size of the spots is detected by ELISpot reader and Spot
forming cells (SFC) are counted [179,180].

ELISpot is adaptable not only to the evaluation of a variety of T-cell functions but also to B-cells
and innate immune cells. In cancer research, ELISpot is often employed for evaluation of T-cell response
to cancer therapy in phase I and II trials. ELISpot might be a useful biomarker assay to predict cancer
vaccine efficacy [178,181].

2.4.2. Flow Cytometry

The first device, which had all the fundamental elements of a flow cytometer, was built by Louis
Kamentsky in 1965 [182]. Interestingly, the first cell sorter was introduced in the same year [183]. Flow
cytometry is based on single-cell analysis, which allows to show the frequency of cytokine-expressing
cells together with characterization of producing cell population using staining of intracellular
cytokines together with cell markers [184,185] (Figure 5). In the intracellular cytokine staining, cells
are activated to produce cytokines and at the same time treated by substances that prevent cytokine
secretion (such as Brefeldin A or monensin [186]). Subsequently, the cells are fixed and permeabilized to
allow binding of the specific anti-cytokine antibodies [187–189]. Flow cytometry allows multiparameter
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analysis and the number of analysed parameters depends on the cell population, cytokines of interest
and the sophistication of the cytometer. However, not all cytokines can be detected using a single
protocol and demanding optimization of staining may be required to detect dim, low-frequency,
or newly characterized cytokines [184]. Moreover, the presence of a cytokine within cells does not
necessarily mean that it would be released from cells or exhibit biological effects in vivo [190].

The most frequently studied cytokine producing cells are T-lymphocytes [190] but also other cell
populations, including basophils [191], neutrophils [192,193], NK cells [194], monocytes [192] and mast
cells [195] are investigated. In melanoma, flow cytometry was applied to study mechanisms of effects
of immunotherapies, such as a PD-1 protein blockade by monoclonal antibodies pembrolizumab or
nivolumab [196–198], CTLA-4 blockade with ipilimumab [198–201] or high-dose IL-2 therapy [202,203].
Intracellular cytokine staining can be used to monitor tumour antigen-specific T-cell functions [204–206]
in the search for anti-tumour competent cytotoxic T-cells.
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2.4.3. Mass Cytometry

In 2009, Bandura et al. developed new approach combining flow cytometry and mass spectrometry—
mass cytometry (also called CyTOF) [207]. This approach allows real time quantitative single cell analysis
of theoretically up to 3000 cells per second and simultaneous measurement of 60 distinct markers
(proteins or other biomolecules) in one cell. As in classical flow cytometry, cells are stained by specific
antibodies but these antibodies are conjugated with element tags (stable isotopes of metals) instead
of fluorescent dyes. Analysis of cells is performed by inductively coupled plasma time-of-flight mass
spectrometer (ICPTOF-MS). The main advantages of this technique are high resolution and sensitivity
together with high number of markers for simultaneous measurement with no need for compensation
of emission spectral overlaps in comparison to fluorescence-based flow cytometry [207]. However,
this technique has also several drawbacks—a lack of forward and side light scatter information,
impossibility of cell sorting implementation (because cells are vaporized during analysis) and
challenging quality control and statistical analyses of results [207,208]. Study of a human hematopoietic
continuum stimulated by cytokines proved that results from mass cytometry are comparable and
provide similar information value as fluorescence flow cytometry [209].
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Although mass cytometry is a relatively new technique, it is well-established and broadly accepted
by scientific community and protocols for intracellular cytokine staining for mass cytometry analysis
are similar to protocols for classical flow cytometry analyses [208,210]. However, only several studies
characterized cytokine production in immune cells using mass cytometry. Fisher et al. noticed
dysregulated production of cytokines in myelofibrosis, when they monitored 12 selected cytokines,
e.g., IFNγ, IL-6, MIP1β and TNFα [211]. O’Gorman et al. analysed expression of 16 cytokines (IL-1α,
IL-1β, IL-1RA, IL-2, IL-4, IL-6, IL-8, IL-12p40, IL-17A, Perforin, GM-CSF, IFNα, IFNγ, MCP1, MIP1β
and TNFα) in monocytes in patients with systemic lupus erythematosus [210]. Developments in
multiplex mass cytometry for assessment of T-cell antigen specificity, applicable in search for targets of
anti-cancer therapies, are discussed in [212].

2.4.4. Single Cell Arrays

Although the ELISPOT assay and flow cytometry are widely accepted in the preclinical testing,
they rely on analysis of cells cultured in bulks, where the cells are under influence of paracrine factors
produced by other cells. Response of individual cells (e.g., T-cell stimulation by cancer antigen) can
be monitored by currently developed microtools for single secretome analysis. Accommodation of
single cells into separated compartments can be achieved in valved microfluidic chambers (similar to
microfluidic chips used to single-cell RNA sequencing) or in an array of subnanoliter wells [175].

Initial single cell array for secreted cytokines employed 81,400 microwells (~0.1 nL each) moulded
on a poly(dimethylsiloxane) slab. The array was loaded with PBMCs cells (~1 cell per well) and
then inverted onto a glass slide coated with a specific capture anti-IL-6 or anti-IFNγ antibody. After
incubation, appropriate detection antibodies conjugated to fluorescent dyes were added and the
fluorescence was recorded by microarray scanner [213]. In the following study, anti-IFNγ capture
antibodies were incorporated into a hydrogel that was used for coating of a glass slide. Microwells of
20 µm diameter were formed by photolithography on top of the antibody-containing hydrogel layer
and filled with cells. Such array was used to determine IFN-γ secretion by individual stimulated
T-lymphocytes [214].

Simultaneous detection of multiple cytokines was achieved by further improvement of the single
cell arrays. Han et al. used an array of 125 picolitre volume wells to accommodate single cells. Such an
array was covered by a cover-slip, coated by mixture of 3 capture antibodies. Mixture of detection
antibodies conjugated to 3 distinct fluorescent labels and a microarray scanner have been used to
simultaneously determine levels of IFN-γ, IL-2 and TNFα in a secretome of stimulated T-cells [215].
In another study, high-density antibody barcode array chip together with subnanolitre microchamber
array were used to determine secretion of 14 cytokines. The assay performance was documented for
both cell lines (human A549 and U937 cell lines) as well as primary cultures isolated from human
tumours (glioblastoma, meningioma) [216]. Further combination of spatial and spectral encoding led
to co-detection of 42 immune effector proteins in single cells [217].

In focus on melanoma, Ma et al. developed a microfluidic chip for quantification of dozen
effector molecules secreted from tumour antigen–specific cytotoxic T-lymphocytes that were actively
responding to melanoma and compared with healthy donor controls [218]. Two types of tumour
antigen-specific cytotoxic T-cell were evaluated: (i) T-cells transgenic for T-cell receptor specific for
melanoma-associated antigen recognized by T-cells 1 (MART-1) protein and (ii) ex vivo–expanded
tyrosinase-specific T-cells. A microfluidic chip with 3 nanolitre volume microcompartments was
used to detect secretion of 104 individual cells. The cytokine production was detected by dense
bar code antibody array—set of 12 capture antibodies immobilized in form of bars across each chip
microcompartment. After incubation with cells, chip chambers have been flushed with biotinylated
detection antibody and streptavidin-phycoerythrin was used for target quantification. Although
the individual T-cells of each type were phenotypically similar, functional heterogeneity in active
tumour antigen–specific CTLs was observed among single cells [218]. The heterogeneity among
phenotypically similar cytokine producing cells was documented not only for T-lymphocytes but also
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for macrophages [217,219] and NK-cells [220]. The single-cell studies demonstrate that only very low
percentage of immune cells gets activated upon stimulation.

2.5. Other Techniques for Cytokine Detection

Immunoassays are powerful techniques to quantify cytokines but they may provide only limited
information on the cytokine activity. As the immunoassays may suffer from detection of biologically
inactive cytokines (e.g., IL-6 bound to its soluble receptor [221]) or cytokine fragments, or may
be influenced by matrix effects, antibody unspecific binding or cross-reactivity, bioassays can be
applied to detect biological activity of cytokines. Bioassays are using cells (and, mostly historically,
also experimental animals) to monitor cytokine effects. The monitored target cell response may
include induction of proliferation, differentiation or growth inhibition, chemotaxis, phagocytosis,
cytotoxicity/apoptosis, induction of antiviral or antimicrobial activity, or up-regulation of expression
of intracellular, surface membrane or secreted proteins [98,222]. Despite their unique power to measure
biological activity of cytokines, bioassays, like all biological systems, are inherently variable and also
laborious. Thus, bioassays are increasingly replaced by immunoassays, even at the cost of loss of
information on the cytokine activity [222].

Many other techniques are applied beyond proteomics to detect cytokines. Analysis of cytokine
gene expression is robust, fast and easy technique applicable even to very limited sample amounts.
However, the relation between mRNA level and activity of the secreted protein is difficult to
estimate, mainly due to regulations on posttranscriptional [223] as well as posttranslational level
(secretory pathway, storage prior release, activating proteolytic cleavage, binding of secreted cytokine
to neutralizing molecules, etc.). Nevertheless, transcriptomic analysis in combination with other
techniques contributes to comprehensive view on cytokine regulation in biologic systems.

Immunohistochemistry and immunocytochemistry represent additional inseparable part of cancer
and melanoma research. Such techniques enable visualization of antigen expression patterns and
immune response across the tissue of cells. Immunofluorescence staining of intracellular cytokines
as described in Flow cytometry section can be also analysed using regular or confocal fluorescence
microscope. This technique does not allow sensitive and precise quantification but can provide
additional information on morphology and identity of the cytokine producing cells.

3. Conclusions

Melanoma may serve as a model for tumour immuno-oncology. Melanoma spontaneous
regression accompanied by tumour infiltration by T-lymphocytes suggest the active role of immune
system in tumour management. Knowledge of immune system response to melanoma represents
one of the key prerequisites for development of immunotherapies to manage cancers. Cytokines are
the main regulatory molecules in the immune system. Significant progress in proteomics and other
technologies enable monitoring of cytokine release with very high sensitivity. Simultaneous analysis of
several molecules by multiplex techniques provides more global view of cytokine regulatory networks.
Single-cell technologies open new ways of research towards functions of individual cells.

Further developments in multiplex and ultrasensitive techniques are expected in the next
few years, including developments in antibodies and aptamers for cytokine molecule capturing or
developments in sensing. However, careful testing should be applied to correctly quantify cytokines in
real biological and patient samples by emerging analytical techniques. Inter-individual variability and
inter-assay variability should be taken into account when summarizing results from various studies.

Knowledge gained from cytokine analysis is expected to facilitate identification of targets and
monitoring of efficiency of melanoma immunotherapies.
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Abbreviations

bFGF basic fibroblast growth factor
CAFs cancer-associated fibroblasts
CCL C-C motif chemokine
CTLA-4 T-lymphocyte-associated antigen 4
CXCL1 chemokine (C-X-C motif) ligand 1 (GROα)
DDA data dependent acquisition
DIA data independent acquisition
DIADI direct immunoaffinity desorption/ionization
ECL electrochemiluminescence
ELISpot enzyme-linked immunospot assay
EVs extracellular vesicles
G-CSF granulocyte-colony stimulating factor
GDF15 growth/differentiation factor 15
GM-CSF granulocyte-macrophage colony-stimulating factor
GROα GRO1 oncogene
HGF hepatocyte growth factor
HPLC high-performance liquid chromatography
IFN interferon
IGF insulin-like growth factor
IL interleukin
IL-10 interferon gamma-induced protein 10
IL1-ra interleukin-1 receptor antagonist
IMR immunomagnetic reduction
KGF keratinocyte growth factor
MALDI matrix-assisted laser desorption ionisation
MART-1 melanoma-associated antigen recognized by T cells 1
MCP-1 monocyte chemoattractant protein 1
M-CSF macrophage colony-stimulating factor
MIF macrophage migration inhibitory factor
MIP-1β macrophage inflammatory protein-1β
MRM multiple reaction monitoring
MS mass spectrometry
MS/MS tandem mass spectrometry
NK natural killer
NRG-1 neuregulin-1
PBMCs peripheral blood mononuclear cells
PD-1 programmed cell-death protein 1
PDGF platelet-derived growth factor
PD-ligand ligand of PD-1 receptor
PEA proximity extension assay
PLA proximity ligation assay
SCF stem cell factor
Simoa single molecule array
SISCAPA stable isotope standards and capture by anti-peptide antibodies
SMC single molecule counting
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SRM selected reaction monitoring
SWATH-MS sequential windowed acquisition of all theoretical mass spectra
TAMs tumour-associated macrophages
TARC thymus and activation regulated chemokine (CCL17)
TGFβ transforming growth factor-β
TNFα tumour necrosis factor-α
Tregs regulatory T-cells
VEGF-A vascular endothelial growth factor A
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