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Introduction 
 
T-cell activation is one of the cornerstones of the immune response and understanding the 
mechanisms and pathways of this activation process is central to immunotherapeutic 

approaches in precision medicine. As immunotherapies become more widely adopted, the 
analysis of cytokine production has become increasingly relevant for unraveling the course of 

the immune response to these therapies. Several methods have been adopted to determine 
cytokine profiles of biological samples, the most common of these include enzyme-linked 

immunosorbent assays (ELISA) that measures secreted cytokine levels in supernatants, and 

flow cytometry to determine intracellular cytokine production in fixed cells. Functional proteomic 
profiling of live immune cells is now available using the IsoLight™ system from IsoPlexis™. This 

platform utilizes microfluidic chips to capture single cells within chambers that are coated with 
capture antibodies targeting specific chemokines and cytokines. The cells are incubated 

overnight in these chambers (5% CO2, 37˚C) during which time the cytokines and chemokines 
are secreted; these analytes are then quantified using a multiplexed sandwich ELISA format. 

The result is single-cell cytokine/chemokine profiles for true-functional phenotyping of live cells. 
 

Background 
 
Both CD4+ and CD8+ T cells are produced in the thymus where they are programmed to 

recognize and target one specific foreign antigen via a T-cell receptor (TCR), before leaving the 

thymus and passing into the circulatory system. Activation requires that a T-cell encounters its 
target antigen in the form of an MHC-antigen complex on the surface antigen presenting cells 

(APCs). This activation process results in the clonal expansion of the T-cell, with each clonal 
copy carrying the same antigen- receptor. This clonal selection produces two types of cells- 

effector cells and memory cells. Whereas the effector cells are relatively short-lived, memory 
cells may exist for years, providing the immunological memory associated with immunity from 

infection.  
 

In addition to TCR binding to antigen-associated MHC, both CD4 and CD8 T-cells require 

secondary signals to achieve full activation in response to the antigen exposure. Without these 
additional signals the T-cells maybe rendered ‘anergic’, the state describing the T-cell’s inability 

to respond to the target antigen, leading to the development of immune tolerance. For CD4+ 
cells, these signals are provided by CD28 that binds to one of two structures on the APC- B7.1 



(CD80) or B7.2 (CD86). This signal triggers the production of millions of clones through clonal 
expansion, however, this process requires modulation that is achieved through the competitive 

binding of CTLA-4 (CD152) to B7, inhibiting the CD28 activation. CD8+ T cells require co-
stimulation by CD70 and CD137, and overall are much less reliant on CD28 activation.  

 

 
Figure 1. Comparison of T-cell activation mechanisms in vivo and in vitro. Coupling in vitro T-cell activation with Functional 
Proteomic Profiling enables researcher to better understand the pathways activated through different activation stimuli and 
the biological drivers of persistence, potency, and durability. 
 
 

In response to APC-target antigen stimulation, CD4+ and CD8+ cells receive survival signals in 

the form of APC-presented ligands that stimulate the transiently expressed ICOS, 4-1BB and 
OX40 on the surface of stimulated T-cells. This helps to ensure appropriate cellular responses 

to APC-presented antigen. In vitro, Naïve cells can also receive this additional signal in the form 
of anti-CD28 antibody or the protein kinase C stimulant phorbol 12-myristate 13-acetate. 

Peptide-MC complex stimulation of naïve cells can be achieved over a period of 2 or more days 
exposure, but only in the presence of IL-2, which is acts in an autocrine fashion to stimulate 

proliferation and activation.   



 
A third wave of communication with activated T-cells involves cytokines. These ultimately 

determine which type of responding cells the T-cell will develop into. CD4+ helper cells are 
driven to different functions based on cytokine responses. Th1 type through exposure to IL-12, 

Th2 type through exposure to IL-4 or Th17 through exposure with IL-17. IL-6, IL-23.   Whereas 
naïve T-cells generally only make IL-2, memory and effector T-cells can produce a much 

broader spectrum of cytokines. These populations display very different chemical and functional 
characteristics, including distinguished profiles of cytokine secretion.  

 

Th1 T-cells primarily produce and secrete IFN-γ, TNF-β and IL-2 to stimulate cell-mediated 
responses involving cytotoxic T-cells, macrophages and neutrophils (PMNs) for more effective 

intracellular killing of pathogens. Th2 primarily produce and secrete IL-4, IL-5, IL-6, IL-9, IL-10, 
IL-13. This Th2 response supports B-cell activation and the differentiation of plasma cells into 

memory B-cells. The Th2 response also influences class switching in B-cells between the 
production of IgM, IgG and IgE and the fine-tuning of the humoral response. Following initial 

exposure to target antigen, previously stimulated T-cells require only peptide-MHC complexes 
to become activated and release IL-2.  

 
 
Fig. 2. The activation of a naïve helper T cell by an antigen presenting cell results in proliferation and differentiation of the 
activated T-cell into various subtypes. This differentiation process is directed by APC-secreted cytokines that interact with the 



activated T-cell to orchestrate differentiation into T helper 1, T helper 2 or a memory helper T cell. Whereas the Th1 and Th2 
helper T cells are relatively short-lived effector cells, memory helper T cells are relatively long-lived and programmed to 
mount a robust secondary response to subsequent exposures. 
 

The ability of researchers to perform and monitor T-cell activation in vitro is the foundation of 
immune-oncology. There are numerous commonly used mechanisms to activate T-cells in vitro, 

including exposure with: 
 

• Anti-CD3/anti-CD28 antibodies 

• Phorbol 12-myristate 13-acetate (PMA) + ionomycin (provides maximal stimulation, that 
is not dependent on the engagement of specific cell receptors) 

• Co-culture with Antigen Presenting Cells, such as dendritic cells, K562 artificial APCs 

• Lipopolysaccharide (LPS) 

• Phytohaemagglutinin P 

• Concanavalin A 

• Poke weed mitogen 

• MHC-peptide tetramers & dimers 

• Soluble Peptide MHCs 
 
In vitro T-cell activation is an important means of immune-profiling for a variety of research and 

clinical applications. In this study, we use the IsoLight Functional Proteomics system to evaluate 
T-cell activation in vitro using two different methods: PMA + Ionomycin and anti-CD3/CD28. The 

IsoSpeak™ software provides several analytical options for examining and visualizing these 
large data sets. Comparing the robustness and diversity of the cytokine responses to these two 

activation mechanisms highlights the capability of this platform to interrogate T-cell subsets in a 

unique and powerful way. 

 
Methods: 
 

The IsoCode™ Adaptive Immune Panel was used to evaluate T-cell responses to activation 

with Ionomycin+ PMA or anti-CD3/CD28.  
 

Cryopreserved PBMCs were thawed and cultured overnight in RPMI in the presence of IL-2 
(1µg/mL) for recovery at 37˚C, 5% CO2. 

 



CD8+ sample enrichment was performed using the MidiMACS™ separator system and 
Miltenyi™ CD8 microbeads (part # 130-045-201). The flow through aliquot was then used for 

CD4+ sample enrichment using Miltenyi CD4 microbeads (part# 130-045-101). 

 
Anti-CD3/CD28 stimulation Process 
 
CD4+ and CD8+ enriched populations were prepared at 1x106 cells per mL in anti-
CD28/complete RPMI and plated in flat bottom, 96-well plates coated with anti-CD3 at a 

concentration of 10µg per mL. After 24hr of stimulation treatment at 37˚C, 5% CO2, the cells 
were stained with either Alexa Fluor 647 anti-human CD4 or Alexa Fluor 647 anti-human CD8 

for 20 minutes at room temperature. Cell concentrations were confirmed to be at 1x106 cells per 
mL before 30µL of each cell suspension was loaded onto the IsoCode Adaptive Immune chips 

for analysis on the IsoLight Hub.   

 

Ionomycin + PMA stimulation Process  

 
CD4+ and CD8+ enriched populations were prepared at 1x106 cells per mL and incubated for 5 
hours at 37˚C, 5% CO2 and either unstimulated or stimulated with 50ng per mL PMA + 1ug per 

mL Ionomycin. Post stimulation, the cells were stained with surface marker-specific stain Alexa 
Fluor 647 anti-human CD4 or Alexa Fluor 647 anti-human CD8 for 20 minutes at room 

temperature. Cell concentrations were confirmed to be at 1x106 cells per mL before 30µL of 

each cell suspension was loaded onto the IsoCode Adaptive Immune chips for analysis on the 
IsoLight Hub. 

 

Adaptive Immune Chips provide quantification of the following 
chemokines/cytokines: 
 
• Effector: Granzyme B, IFN-γ, MIP-1α, Perforin, TNF-a, TNF-b  

• Stimulatory: GM-CSF, IL-2, IL-5, IL-7, IL-8, IL-9, IL-12, IL-15, IL-21  

• Regulatory: IL-4, IL-10, IL-13, IL-22, TGF-b1, sCD40L, sCD137  

• Inflammatory: IL-1b, IL-6, IL-17A, IL-17F, MCP-1, MCP-4  

• Chemoattractive: CCL-11, IP-10, MIP-1b, RANTES 

 



Results: 
 

As expected, in vitro stimulation of CD4+ and CD8+ enriched populations resulted in a 
significant increase in the polyfunctionality of the cells (Fig. 3). A comparison of the responses 

under the different stimulation conditions, demonstrated the potency of PMA/ionomycin 
stimulation compared with that achieved using anti-CD3/28. Stimulated CD4+ and CD8+ cells 

population both were shown to display enhanced effector function and chemoattractive 
phenotypes. CD8+ T cells stimulated with anti-CD3/CD28 also produced a small population of 

cells with a regulatory functional phenotype. 

 
Drilling down into these responses is made possible using the IsoLight software that support 

various analytical approaches. Fig. 4 represents a deep-dive into CD4+ and CD8+ T-cell 
responses to anti-CD3/CD28 by profiling the secretion frequencies for each cytokine. From this 

analysis we can readily see that the CD4+ effector responses were principally driven by 
Granzyme B, IFN-γ, TNF-α and TNF-β, whereas the CD4+ inflammatory phenotype was 

primarily driven by IL-17F secretion.  CD8+ responses were also primarily effector functions 
through Granzyme B and IFN-γ secretion, with chemoattractive and stimulatory phenotypes 

driven by the secretion of MIP-1β and IL-5 respectively. In addition to secretion frequencies, we 
can also explore the signal intensity for each of these cytokines and visualize the spectrum of 

expression levels, as shown in Fig. 5 for CD8+ T-cells following activation with PMA/ionomycin.  

 



 
 
Fig. 3. Functional proteomic profiling of T-cell responses following stimulation with anti-CD3/CD28 or PMA/ionomycin. The 
different stimulatory conditions not only invoke different potencies of responses but also influence the functional profiles of 
these activated cells.   

 

Fig. 4. Secretion frequencies of cytokines in CD4+ and CD8+ T-cells following stimulation with anti-CD3/CD28. This can 
highlight the driving factors behind different response profiles for both mono- and polyfunctional T-cells. 



 

Fig. 5. Signal intensity profiling of cytokines produced by CD8 T-cells in response to activation with PMA/ionomycin. This 
displays the distribution of signal intensity from different cells, and the range of signal intensity. This can help helpful in 
assessing the contribution of different cytokine/chemokine drivers of the activation response. 

 

T-cells producing two or more cytokines are defined as ‘polyfunctional’. Polyfunctional T-cells 
have been shown to represent a more effective immune response to pathogens by enabling 

these cells to perform diverse functions and support durable responses of immunological 

protection and memory. By profiling this polyfunctional phenotype, we can distinguish the 
subsets of cells that collectively orchestrate the immune system function in response to various 

activation mechanisms. In Fig. 6, we highlight the polyfunctionality of CD4 and CD8 T-cells in 
response to PMA/ionomycin or anti-CD3/CD28 activation. From this analysis we can both 

stratify and quantify this polyfunctionality; for example, we can determine that 30% of CD4+ T-
cells stimulated with PMA/ionomycin develop a polyfunctional phenotype, this compares to only 

11% of CD4+ T-cells stimulated with anti-CD3/CD28. 
 

An extension of this polyfunctionality analysis is the determination of the Polyfunctionality 
Strength Index (PSI). PSI represents a means to report the profiles of cells secreting two or 

more cytokines and can help to identify the drivers behind certain responses.  It is determined 

based on aggregates of all single-cell, multi-dimensional secretions, to determine the 



contribution of different categories of cytokines to the overall response. In this study, 6% of 
CD4+ T-cell activated with PMA/ionomycin display the highest PSI, with the secretion of 5+ 

cytokines; in contrast only 1% of CD4+ T-cells activated with anti-CD3/CD28 display this level of 
polyfunctionality.   
 

 
A.            B.  
 
Fig. 6. Profiling of polyfunctionality within CD8 and CD4 T-cells after activation with anti-CD3/CD28 (a) or PMA/ionomycin (b).  

 

 
 
 



A.  



 
B. 
 
Fig. 7. Heterogeneity Heat Maps provide a powerful visual aid to uncover the critical cell subpopulations that exist only in 
certain groups of interest or under certain conditions. Shown here are heatmaps for cytokines profiled for the two activation 
conditions (a. PMA/ionomycin, b. anti-CD3/CD28). 

 

Heatmaps of secreted cytokine profiles also provide a means to uncover the most critical 
subpopulations driving the activation response in both CD4+ and CD8+ cells (Fig. 7). From this 

analysis, we can determine that the polyfunctionality of CD4+ cells activated with 
PMA/ionomycin is driven mainly by TNF-α, IL-2, IFN-γ and MIP-1β, compared with activation by 

anti-CD3/CD28 which generated polyfunctionality primarily driven by Granzyme B, IL-17 A/F 

and MIP-1β expression. CD8+ T-cell activation with PMA/ionomycin stimulated a functional 
phenotype with secretion of TNF-α, IL-2, IFN-γ and MIP-1α/1β, compared with Granzyme B and 

IL-5 secretion driving the polyfunctional response to stimulation with anti-CD3/CD28. The 
Heatmaps also enable us to examine the diversity of the activation response across different 

cytokine expression profiles for the various cell types. 
 



Further stratification of these T-cell activation cytokine signatures is achieved using 
polyfunctional Principal Component Analysis (PCA). PCA is a linear algorithm that provides 

dimensionality reduction and visualization for datasets with a large number of features. This 
helps to identify dominant subgroups within the population, that are driving the overall response.  

Polyfunctional Activation Topology Principal Component Analysis (PAT PCA) supports cytokine 
stratification based on highly polyfunctional subsets, to enable the identification of significant 

multifunctional subsets. In the examples below, PAT PCA analysis has been performed based 
on selected cytokines; samples with higher responses are represented by increased dominance 

within the graph. 

 
 
Fig. 8. Polyfunctional Activation Topography (PAT-PCA) for the activation of CD4+ and CD8+ T-cells by anti-CD3/CD28. This 
provides a visual aid to identify the dominant subtype populations, and the functional drivers they secrete. 

 

PAT PCA analysis generates a visual readout of the differential activation of CD4+ and CD8+ T-

cell by each stimulation condition. Using this technique, we can effectively drill-down and 
identify specific responses of CD4+ and CD8+ T-cells to anti-CD3/CD28 stimulation, and readily 

identify several dominant sub-set populations (Fig. 8). For CD8+ T-cells, we can identify the 

three most dominant sub-set populations based on their profiles of cytokine secretion: (i). 
Granzyme B and MIP-1β, (ii). IL-5, MIP-1α and MIP-1β, (iii). IFN-γ, IL-6, IL-22. Furthermore, 

within subset (i). we can identify a distinct population that in addition to producing Granzyme B 



and MIP-1β is also expressing sCD137 (Fig. 8 inlay). Other clusters are also visualized using 
PAT-PCA, which represents a powerful means of stratifying these cytokine responses.  

 
CD4+ responses fall into several distinct categories, those driven by Granzyme B secretion 

(bottom right quadrant) and those driven by polyfunctional secretion of TNF-β, TNF-α (effector) 
and IL-17F, IL-17A (inflammatory) (bottom left quadrant) (Fig. 8).       

 
 
Fig. 9. Polyfunctional Activation Topography (PAT-PCA) for the activation of CD4+ and CD8+ T-cells by PMA-ionomycin. This 
provides a visual aid to identify the dominant subtype populations, and the functional drivers they secrete. 

 

PAT PCA analysis of CD4+ and CD8+ T-cell after stimulation with PMA/ionomycin reveals the 

polyfunctional heterogeneity of the activation response with the distinction of several 
multifunctional subsets (Fig. 9). CD4+ responses were dominated by Granzyme B, IL-2 and 

TNF-α (y-axis of PAT-PCA), whereas CD8+ responses are primarily driven by subpopulations 
expressing MIP-1β, MIP-1α, IFN-γ and Perforin (x-axis of PAT-PCA), with a number of subset 

populations driven by TNF-α and IL-2 expression (y-axis of PAT-PCA). 
 

Another analytical methodology supported by the IsoLight software is t-distributed stochastic 
neighbor embedding (t-SNE). t-SNE is a non-linear dimensionality reduction algorithm that is 

used to explore high-dimensional data sets, by mapping data to two or more dimensions for 



observation. t-SNE algorithms utilize probability distributions with random walk on neighborhood 
graphs to find structure within data sets. Unlike PCA, t-SNE represents similar data points in 

close-proximity and maintains both local and global structure of the data in an unbiased manner. 
For functional proteomic analysis, this process generates plots that differentiates data points 

(single cells) based on their greatest cytokine functional differences. The closer two data points 
are represented on the t-SNE, the closer their functional phenotypes, the farther apart they are, 

the more diverse their phenotypic traits. Examples of t-SNE plots comparing CD4+ and CD8+ T-
cell activation biomarkers are shown below (Fig. 10 and 11).  



A.  

 
B. 

 
Fig.10 t-SNE analysis of CD4 (a) and CD8 (b) T-cells populations after activation with PMA/ionomycin. The t-SNE plots 
display clusters of phenotypically distinct populations. The IsoLight software enables us to click on single data points (cells) 



and identify the specific cytokine/chemokine profiles of these cells. The examples below show a CD4 T-cell with high 
polyfunctionality producing IFN-γ, IL-2, MIP-1β and TNF-α, and a polyfunctional CD8 T-cell producing IFN-γ, MIP-1β, MIP-
1α, Perforin and TNF-α. 

 

A.  
 
 

B.  
 



Fig.11. t- SNE analysis can also be used to explore various functional features of a population. Shown here is t-SNE analysis 
of the CD8 T-cell population after stimulation with PMA/ionomycin. In plot (a) we can see a profile of the type of 
cytokine/chemokine response observed after PMA/ionomycin activation. The green data points represent cells with an 
effector phenotype. Using the t-SNE analysis we can see the polyfunctional cytokine/chemokine profile of a single data point 
(single cell) within this highlighted population. Plot (b) highlights the clusters of polyfunctionality – we can visualize two 
distinct clusters, the first with predominant expression of MIP-1α, MIP-1β, TNF-α and IFN-γ that is distinct from a second 
cluster expressing the functional drivers TNF-α, IL-2 and IL-4. 

 

Discussion: 
In this study, we performed functional proteomic profiling of activated CD4+ and CD8+ T cells in 
order to discriminate pathways that collectively orchestrate the activation responses of these 

immune cells. One novel readout of this analysis is the Polyfunctional Strength Index (PSI), a 

powerful metric for measuring the potency of immune responses. PSI is defined as the product 
of the polyfunctionality of the sample, i.e. the percentage of profiles single cells secreting two or 

more cytokines, combined with the intensity of the cytokines secreted by these polyfunctional 
single cells. PSI can help drill down and identify the key functional drivers behind immune 

response pathways, as well as identify specific cytokine-mediated responses and mechanisms 
at the single-cell level. The generation of polyfunctional cells is a strong indicator of functional 

effectiveness and can have profound implications in our understanding of disease progression 
and immune system modulation, even in the absence of prior knowledge of the response 

pathways involved. 
 

Researchers using ELISPOT and ELISA have shown that the polyfunctionality of T-cells is 

predominantly achieved by sequential cytokine secretion rather than the simultaneous 
production of multiple cytokines at once. Furthermore, set patterns of serial secretions have 

been described, suggesting that rather than a random process, there are defined programs of 
cytokine production (Han et. al. 2012). The activation of these programs is not yet fully 

understood, but it is likely that in the example of T-cells, the cell differentiation state has a major 
influence on programmed cytokine expression profiles (Haining, 2012). Multiplexed functional 

proteomic analysis will be extremely valuable in shedding light on the specific expression 
sequences of these phenotypic drivers within different cellular subsets. 

 
When examining polyfunctionality, the PSI metric is powerful in its ability to capture the potency 

of important and highly functional immune cell subsets, particularly for immunotherapy 

applications and precision medicine. By combining PSI with synergistic analytics such as PAT 
PCA and t-SNE, we can reveal key biomarkers and provide developmental insights into 

biological systems.  



 
Further granulation of the polyfunctional subsets within each experimental group can be 

achieved using a novel modified principal component analysis (PCA) visualization tool known as 
Polyfunctional Activation Topology PAT PCA. This facilitates a better understand the differences 

in T-cell responses to different stimulations, or the different responses CD4+ versus CD8+ T-
cells to activation. These tools enable researchers to visualize the key combinations of 

cytokines and chemokines that are secreted by single cells in response to target stimulation, 
and thereby functionally stratify these responses. 

 

Multiplexed, single-cell proteomic analysis such as that performed in this study, can address 

core questions in many areas of immunotherapy research, including the heterogenicity of T-
cells, and the role of these cellular subtypes in immune system responses.  Correlating 

functional proteomic data from these cellular subtypes with in vivo responses has proven to be a 
powerful means of guiding therapeutic interventions, and in the development of biomarkers for 

precision medicine. The application of single-cell functional proteomics with powerful analytics 
provides unique and predictive correlates in immune cell activity and will undoubtedly accelerate 

insights in therapeutic development. 
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