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Regulatory T cells (Tregs) are responsible for the maintenance of immunological homeostasis and self-

tolerance. They are part of the CD4⁺ T helper (Th) cell population, but unlike other Th cells Tregs 

suppress immune responses by inhibiting other immune system cell responses, and function of antigen 

presenting cells. Tregs mediate suppression via contact dependent and humoral factor-mediated 

mechanisms. However, abnormalities in Treg numbers, frequencies, and suppressive function can 

trigger autoimmune diseases. Several therapies are under investigation to restore and enhance Tregs cell 

function in autoimmune diseases in vivo. On the other hand, highly activated Tregs can suppress 

antitumor responses, promoting cancer progression. In cancer, means to inhibit Treg function provide 

promising targets to control tumor cell growth.  

The aim of the current study was to perform an in-depth characterization of in vitro generated human 

induced Treg (iTreg) cell differentiation at early timepoints by high-dimensional single-cell mass 

cytometry. For this purpose, a panel of 25 markers was designed and validated in iTregs, differentiated 

in vitro from naïve human umbilical cord blood derived CD4+ T cells. The expression of these markers 

was further studied in iTregs compared to activated control Th0 cells over time. Additional western blot 

and flow cytometry analyses were performed to confirm the successful Treg differentiation by 

determining the Foxp3 expression.  

The results show an upregulation of key transcription factor Foxp3 and several co-inhibitory molecules 

including PD-1, CTLA-4, LAG-3 and TIM-3 were expressed and increased with time on iTregs 

compared to Th0 cells. In addition, surface markers like CD103, CD137, CCR4 and CXCR3, which are 

interesting targets in context of Treg function and diseases, showed a statistically significant 

upregulation on iTregs. 

In conclusion, this study gives insights in the regulation and cell surface marker expression of human 

Tregs at single cell level and opens new way to study Treg function.  
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1 Introduction 

1.1 Human immune system 

The human immune system is complex and well refined system. It consists of two different 

parts: innate immunity and adaptive immunity; both are necessary, since they are designed to 

work in different situations but still in tight cooperation with each other (Marshall et al., 2018; 

Turvey and Broide, 2010; Bonilla and Oettgen, 2010). 

Innate immunity is the initial immune defence fighting against unknown material and 

pathogens. Its immune responses do not require development phases or genetic recombination 

to mediate the function. This first line defence towards unknown pathogens occurs immediately 

or within hours after recognizing foreign material and acts in an antigen-independent, non-

specific, manner (Turvey and Broide, 2010). 

Innate immunity system has a limited repertoire of receptors, the pattern recognition receptors 

(PRRs), that can detect foreign materials and pathogens. The system compensates this by 

targeting the conserved components of microbes, pathogen associated molecular patterns 

(PAMPs), that different pathogens share. The cells of innate immunity are both hematopoietic 

(e.g., macrophages, mast cells, eosinophils, neutrophils, dendritic cells (DCs), natural killer 

(NK) cells) and non-hematopoietic (e.g., epithelial cells) origin. Innate immunity has also 

humoral components like complement proteins, C-reactive proteins, and anti-microbial 

peptides (Marshall et al., 2018; Turvey and Broide, 2010). 

Unlike innate immunity, adaptive immunity is antigen-specific and antigen-dependent system 

which has also the capacity for memory through long-living memory T and B cells (Marshall 

et al., 2018). The key element of adaptive immunity is the tight interplay between antigen-

presenting cells (APCs) and B and T lymphocytes, which facilitates the pathogen specific 

recognition of immunological reactions (Bonilla and Oettgen, 2010). There is a lag between the 

antigen exposure and the maximal response in adaptive immunity because of the antigen-

specific pathogen recognition, but the response can be produced to novel and more specific 

targets than in innate immunity (Marshall et al., 2018; Bonilla and Oettgen, 2010). 

The most important function of adaptive immunity is to recognise the certain nonself antigens, 

generate a pathogen specific immunologic pathway to eliminate the pathogens and develop an 

immunologic memory towards that specific pathogen/antigen. This happens through antigen-
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specific T cells, which are activated to proliferate and antibody-producing plasma cells 

differentiated from B cells (Marshall et al., 2018). 

Defects or dysregulations in either innate or adaptive immune system can lead to different 

immunopathological disorders (Marshall et al., 2018). These disorders include autoimmune 

diseases, hypersensitive reactions, and immunodeficiencies. 

1.2 Lymphocytes 

Lymphocytes are one of the central elements of adaptive immunity and the immune system of 

humans and other vertebrates. Humoral and cell-mediated immune responses are carried out by 

the two subtypes of lymphocytes B and T cells. They are responsible for structuring long-lasting 

and highly specific immune responses towards detected pathogens. (Turvey and Broide, 2010; 

Kumar et al., 2018) 

1.2.1 Lymphocyte development 

T cells or T-lymphocytes derive from progenitor cells in the bone marrow that migrate to the 

thymus for maturation and selection (Kumar et al., 2018). During the maturation, each T cell 

acquires own unique T cell receptor (TCR) through gene rearrangements. The TCR provides 

specific recognition ability to the cell by specifically recognizing the foreign antigens presented 

to it as peptides (Fabbri et al., 2003; Marshall et al., 2018). These peptides are presented via 

major histocompatibility complex (MHC) molecules which are expressed on the APCs. MHC 

molecules are classified into class I or class II (Marshall et al., 2018). T cells undergo positive 

and negative selection (Fabbri et al., 2003). In positive selection, T cells able to interact with 

self MHC are kept, while others will be eliminated. T cells unable to distinct self-antigens from 

non-self-antigens are eliminated in negative selection step, because of their reactivity to self-

antigens. After selections, the T cells will be subsequently exported to periphery.  

In order to get activated, T cells need to encounter APC that carry the right antigen peptide in 

its MHC complex. Each T cell has a co-receptor which is either cluster of differentiation (CD) 

4 or CD8. T cells expressing the CD4 membrane co-receptor, CD4⁺ T cells, can only recognize 

MHC class II presented exogenous peptides, while the CD8⁺ T cells recognize only MHC class 

I presented exogenous peptides (Fabbri et al., 2003). Once activated CD4+ or CD8+ T cells are 

able to proliferate and differentiate into memory or effector T cells (Kumar et al., 2018; Fabbri 

et al., 2003). 
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1.2.2 CD4+ T helper cell populations 

 

Figure 1. CD4+ T helper cell subpopulations. CD4+ T cells require three activating signals to be 
activated and differentiated: a T cell receptor (TCR) signal, co-stimulation (CD28) and polarizing 
cytokines. Specific cytokines polarize the CD4+ T cells into different subsets: T helper 1 (Th1), Th2, 
Th17 and regulatory T cells (Treg). These T helper subsets acquire their characteristic features. Modified 
from Biorender.com templates with Biorender.com. 

 

CD4⁺ T helper (Th) cells have no cytotoxic activity, but they can mediate the immune responses 

by directing other immune cells to perform immune responses and pathogen clearance through 

releasing cytokines that influence the activity of the other cells (figure 1). Most frequent Th cell 

types are Th1, Th2 and Th17, but also Th9 and Th25 are part of the helper cells.  

Th1 cells produce IFN-γ and interleukin (IL) -2 cytokines and contribute to microbe killing and 

enhancement of anti-viral immunity. Inappropriate Th1 cell responses are associated with 

autoimmune diseases. Th2 cell response, on the other hand, is characterized by IL-4, -5, -10, 

and -13 release and they drive the production of antibodies and clearance of parasites. 
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Imbalances in Th2 cytokine production are associated with the development of atopic 

conditions. The Th17 subsets are characterized by the production of IL-17, -22, and tumor 

necrosis factor (TNF) -α. Th17 cells provoke inflammatory responses especially in chronic 

conditions. Regulatory T cells (Tregs) are distinct Th subsets that suppress diverse immune 

responses and control the immune system balance. (Marshall et al., 2018; Bonilla and Oettgen, 

2010) 

1.3 Regulatory T cells 

As mentioned before Tregs are part of CD4⁺ T helper cell population. Unlike other Th cells 

Tregs suppress immune responses by inhibiting other immune cell (DCs, NK cells, B cells, 

CD4⁺ or CD8⁺ T cells) responses, and APCs function.  

Treg cells constitute approximately 5 – 7 % of overall CD4+ cells and 1 – 3 % of the peripherally 

circulating CD4+ cells. Forkhead box protein 3 (Foxp3) is the lineage defining transcription 

factor of Treg cells (Fontenot et al., 2003; Attias et al., 2019). Foxp3 is essential for Treg cell 

development and their suppressive activity and Foxp3 dysfunctions cause autoimmune diseases 

(Fontenot et al., 2003). Treg cells further express T-lymphocyte associated protein 4 (CTLA-4) 

and CD25 surface markers and the transcription factor signal transducer and activator of 

transcription 5 (STAT-5) (Attias et al., 2019). CD25 is the α chain of the heterodimeric IL-2 

receptor and it is constitutively expressed on Treg cells. The IL-2 signal activates STAT-5, 

which enhances Foxp3 expression and thus establishes the Treg cell genetic program. CTLA-4 

is constitutively expressed on the surface of Treg cells (Takahashi et al., 2000) and is 

responsible for three characteristic Treg functions, namely TCR hyposignaling, suppression, 

and anergy (Tai et al., 2012). Treg cells are extremely heterogenous within the immune system 

and are categorized generally into two categories according to their site of differentiation: 

thymus-derived, natural Treg (tTreg or nTreg) cells and peripherally derived Treg (pTreg) cells 

(Attias et al., 2019; Sakaguchi et al., 2020). Tregs can also be induced (iTreg) in vitro from 

conventional T cells (naïve T cells) when they resemble more of pTreg cell characteristics than 

thymic-derived Tregs characteristic (Sakaguchi et al., 2020). The nTreg cells develop within 

the thymus from CD4+ thymocytes with high-avidity TCR able to recognize self-antigens. The 

pTregs arise from conventional T cells in periphery after DC antigen activation and presence 

of Foxp3 inducing cytokines. The pTreg generation process is not fully known, due to lack of 

defined methods to distinguish pTregs from mixed Treg cell population from periphery (Lee 

and Lee, 2018). In periphery, tTregs are able to activate and exert suppression at very low 
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concentrations of peptide/MHC which ensures that upon self-antigen recognition Treg cells are 

the dominant responses and self-tolerance is maintained (Sakaguchi et al., 2020). 

Tregs have high level of lineage stability and ability to retain their suppressive activity and 

Foxp3 expression in various conditions (Rubtsov et al., 2010; Sakaguchi et al., 2020). However, 

observations of Foxp3+ cells becoming effector type cells and losing Foxp3 expression have 

been made which indicates their instability. Tregs can represent functional adaptability 

(Sakaguchi et al., 2020). They are able to gain other CD4+ helper cells transcription factor and 

chemokine receptor profile without the inflammatory cytokine secretion. Treg cells can also 

adapt to the environment and contribute to maintaining the tissue homeostasis (Sakaguchi et 

al., 2020).  

1.3.1 Transcription factor Foxp3 

Foxp3 belongs to the forkhead–winged-helix family of transcription factors. It consists of a 

unique proline-rich N-terminal region, a central zinc finger and leucine zipper and a C-terminal 

forkhead (FKH) domain (Lopes et al., 2006; Lu et al., 2017). The leucine zipper domain is 

responsible for the Foxp3 homodimerization and the N-terminal region interacts with other 

partner proteins, like chromatin-modifying enzymes and transcription factors. The FKH domain 

mediates nuclear localization, DNA binding, interaction with nuclear factor of activated T cells 

(NFAT) and formation of a domain-swapped dimer.  

The initiation and maintenance of Foxp3 transcription is highly dependent on few conserved 

non-coding sequences (CNSs), which act as binding sites for several transcription factors (Lu 

et al., 2017). Transcription factors binding to CNS3 initiate the Foxp3 expression whereas 

binding to CNS2 results in maintenance of the Foxp3 expression. The CNS1 enhancer is 

important for the induction of extrathymic Foxp3 expression in T cells for example in response 

to transforming growth factor (TGF) -β -induced SMAD signaling (Schlenner et al., 2012).  

Although Foxp3 is an essential transcription factor of Tregs to maintain their phenotype and 

function, several studies have demonstrated that Foxp3 does not function alone (Rudra et al., 

2012). Foxp3 forms protein complexes with over 300 partners (Rudra et al., 2012). Many of 

these partners are transcription factors such as, GATA-3, SMAD, NFAT, Runt-related 

transcription factor 1 (Runx1) and forkhead box protein O (FOXO) (Tone et al., 2008; Rudra 

et al., 2012; Ono et al., 2007; Hu et al., 2007; Ouyang et al., 2010, 2012). These factors are 

required to establish the distinctive transcriptional program and to define the Treg phenotype. 
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Mutations in FOXP3 gene can lead to the human autoimmune immunodysregulation 

polyendocrinopathy enteropathy X-linked syndrome (IPEX) which is characterized by a loss of 

Treg function resulting in a severe autoimmunity. The syndrome can be caused by only single 

mutation in the FOXP3 gene locus (Bennett et al., 2001). The IPEX patients usually develop a 

broad spectrum of autoimmune diseases (e.g., autoimmune nephritis, arthritis, thyroiditis, 

hepatitis, enteropathy, type 1 diabetes, and alopecia) and food allergies. To date, several 

different mutations in FOXP3 have been identified, majority of which result in a change in the 

amino acid sequence in the FKH domain which is responsible of the DNA-binding of the Foxp3 

protein (Le Bras and Geha, 2006; Lopes et al., 2006; Myers et al., 2006; Barzaghi et al., 2018).  

1.3.2 Mechanisms of suppression  

 

Figure 2. Regulatory T cells (Tregs) have multiple different suppressive mechanisms through 
which they control other cells. Tregs can produce anti-inflammatory cytokines (IL-10, IL-35, and TGF-
β) which suppress other T cells. Due to high expression of CD25 they can sequester IL-2 from the 
microenvironment reducing proliferation of other T cells. In addition, Tregs can release perforin and 
granzyme, which damage target cell membrane and lead to apoptosis. Treg catalysed adenosine 
production through CD39 and CD73 also reduces T cell proliferation. Natural killer cells (NKs) can be 
directly suppressed by the membrane bound TGF-β on Tregs. Tregs have a direct effect on B-cells via 
PDL1/PD-1 interaction and dendritic cells (DCs) via CTLA-4 and LAG-3. CTLA-4 blocks co-stimulation 
and induces upregulation of indoleamine 2,3-dioxygenase (IDO). Tregs can directly act on monocytes 
and cause their alternative activation, which inhibits the macrophages differentiation, cytokine secretion 
and antigen presenting function. Figure modified from Romano et al., 2019.       
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Regulatory T cells can suppress variety of immune cells including CD4+ and CD8+ T cells, B 

cells, NK and natural killer T (NKT) cells, as well as DCs and monocytes (figure 2). Tregs 

mediate suppression via contact dependent and humoral factor-mediated mechanisms. A wide 

range of different cytokines (IL-2, IL-10, TGF-β, and IL-35), either directly suppress the 

function of conventional T cells or indirectly that of DCs (Nakamura et al., 2001; Asseman et 

al., 1999; Collison et al., 2007). Moreover, cell surface molecules (CD25, CTLA-4, CD39 and 

CD73) and intracellular or secreted molecules such as cyclic adenosine monophosphate 

(cAMP), granzyme and indolamine 2,3-dioxygenase (IDO) also play a major role in the 

suppressive function (Sakaguchi et al., 2020). 

The function of these markers will be discussed in more detail in the next chapter. The main 

focus of this section is to discuss in more detail their role in suppressive Tregs. 

One of the mechanism of Tregs to suppress APCs is through CTLA-4, which is constitutively 

expressed on Tregs (Takahashi et al., 2000). The CTLA-4 binds the CD80/CD86 complex and 

causes downmodulation of its expression on DCs together with leukocyte function-associated 

antigen-1 (LFA-1) (Onishi et al., 2008). Tregs have also the ability to increase expression of 

IDO on certain DCs. IDO catalyzes the degradation of tryptophan to kynurenine which leads to 

the starvation of effector T cells and to cell cycle arrest, but on the other hand it leads to the 

generation of Tregs (Fallarino et al., 2003; Curti et al., 2007). The increased IDO expression in 

DCs is also partly due to CTLA-4-induced signaling. In addition, Tregs can express lymphocyte 

activation gene -3 (LAG-3) which binds to MHC II with a higher affinity than its homologue 

CD4 (Huang et al., 2004). The binding of LAG-3 mediates the activation of different 

downstream pathways, which leads to the reduced capacity to capture antigens, but at the same 

time increased expression of co-stimulatory molecules (Huang et al., 2004).   

Tregs can also suppress CD4+ T cells via cytolysis, the secretion of perforin and granzymes. 

Tregs express granzyme A and B in a different subtypes, but both subtypes can kill autologous 

target cells in a perforin-dependent manner (Grossman et al., 2004b; a). The cytotoxicity has 

been shown to be dependent on CD18 adhesive interactions (Grossman et al., 2004a). The 

cytolytic suppression can be towards autologous target cells, like CD4+ and CD8+ T cells, and 

DCs in a perforin-dependent manner or B cells in a partially perforin-dependent and granzyme-

B-dependent manner (Zhao et al., 2006). Tregs have also shown to suppress and kill NK and 

CD8+ T cells in tumor microenvironment thereby suppressing the ability of immune system to 

clear tumors (Cao et al., 2007). In addition to perforin and granzymes, Tregs have also shown 
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to have other cytolytic mechanisms for suppression. Tumor necrosis factor-related apoptosis 

inducing ligand (TRAIL)/death receptor 5 (DR5) pathway has been suggested to be one way 

Tregs can induce cell death of effector T cells (Ren et al., 2007). In addition, galectin 1, a factor 

able to induce T-cell apoptosis, has been shown to be upregulated on Tregs, contributing to 

regulatory activity in vitro (Garín et al., 2007).  

Tregs can also trigger suppression towards B cells via the above mentioned perforin and 

granzyme ways (Zhao et al., 2006) and also, directly via programmed cell death 1 (PD-1) -

mediated suppression (Gotot et al., 2012). Tregs can use PD-1 ligands, expressed on the cell 

surface, to directly suppress autoreactive B cells expressing PD-1 (Gotot et al., 2012). The B 

cell suppression can be also indirect through suppressing Th cells and causing the curbing of 

auto-antibody production (Gotot et al., 2012).  

The effector T cell function can also be suppressed by extracellular adenosine, which is 

generated by ectoenzymes CD39 and CD73 together (Deaglio et al., 2007; Borsellino et al., 

2007; Kobie et al., 2006). Adenosine activates the adenosine receptor 2A and suppresses the 

effector T cells. It does not only inhibit T cell function, it also promotes the generation of Tregs 

through promoting the production of TGF- β and inhibiting IL-6 expression (Zarek et al., 2008). 

In addition to adenosine, Tregs can also suppress effector T cells by transferring the inhibitory 

second messenger cAMP into cell via membrane gap junctions (Bopp et al., 2007).  

The role of IL-2 deficiency mediated suppression, due to consumption of IL-2 via high CD25 

expression is controversial. A study by Pandiyan et al. suggested that Tregs induce a cytokine 

(specifically IL-2)-deprivation-mediated apoptosis (Pandiyan et al., 2007). However, some 

studies showed  that consumption of IL2 via CD25+ Tregs  from the microenvironment might 

not be the mechanism of suppression  (Fontenot et al., 2005). Although Tregs require CD25 

signaling under suboptimal stimulation conditions to be functionally suppressive, another study 

has suggested that IL-2 consumption is not a major component of Treg-mediated suppression, 

(Tran et al., 2009). This is in line with another study by Chinen et al. demonstrating that IL-2-

deprivation by Treg cells was unnecessary for suppression of CD4+ T cells, which express 

CD25. In contrast, they could show that IL-2 consumption by Treg cells was essential for 

suppression of CD8+ T cell responses (Chinen et al., 2016).  

Tregs have been shown to directly act on monocytes by causing the alternative activation 

phenotype, including the inhibition of cytokine secretion, differentiation and antigen presenting 
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function (Tiemessen et al., 2007). Tregs also expressed membrane-bound TGF-β, which can 

directly inhibit NK cell effector functions via downregulation of NKG2D receptors 

(Ghiringhelli et al., 2005). 

1.4 Signature markers of regulatory T cells  

1.4.1 Phenotype defining markers 

CD25 is the alpha-chain of the interleukin 2 receptor (IL-2Rα) and constitutively expressed on 

Tregs at high levels. It was one of the first cell surface proteins identified on regulatory T cells 

(Sakaguchi et al., 1995). The CD25 and the IL-2 signaling through it is crucial for the 

generation, homeostasis, function and survival of the regulatory T cells (Sakaguchi et al., 1995; 

Fontenot et al., 2005). The expression of CD25 is not unique to Treg cells but it is rather an 

activation marker for all conventional T cells upon TCR activation, however  the expression is 

significantly higher on Tregs (Workman et al., 2009).  

CD127, the interleukin-7 receptor subunit alpha (IL-7Rα), is expressed on most human CD4+ 

T cells. However, on Tregs the expression of CD127 is significantly lower than on other T cell 

subtypes (Hartigan-O’Connor et al., 2007). High levels of Foxp3 are detected on cell population 

expressing low levels of CD127 and thus an inverse correlation between CD127 and Foxp3 has 

been suggested (Liu et al., 2006). Cells expressing low levels of CD127 have been demonstrated 

to have high suppressive capacity (Hartigan-O’Connor et al., 2007; Liu et al., 2006). Some 

studies have also demonstrated that under certain conditions some Treg subsets express high 

levels of CD127 suggesting that low CD127 expression is not the only characteristic feature of 

Tregs (Simonetta et al., 2010). Nevertheless, for identifying pure and highly suppressive Tregs, 

low CD127 expression remains the general standard.  

The maturation status of T cells can be determined using the CD45 cell surface marker. The 

different RO and RA isoforms of CD45 are expressed on T cells depending on the maturation, 

differentiation and activation level (Courville and Lawrence, 2021). Naïve T cells express high 

levels of CD45RA while CD45RO is found on primed or memory T cells (Courville and 

Lawrence, 2021; Prince et al., 1992). T cell activation, however, causes the loss of CD45RA 

and the gain of CD45RO expression. During this transition stage from naïve to memory status 

both isoforms of CD45 can be detected at low levels (Prince et al., 1992). The CD45 isoforms 

can be used to analyse the T cell population status in different conditions.  
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1.4.2 Co-stimulatory molecules 

The CD28 is a cell surface homodimer and member of the Ig superfamily. It has an essential 

role for T-cell development, proliferation, survival, and cytokine production (Lenschow et al., 

1996). The ligation of the CD28 receptor on Tregs and other T cells provides a critical second 

signal alongside the TCR ligation for naive T cell activation.  

Inducible T-cell co-stimulator (ICOS, CD278) is an immune checkpoint protein that in humans 

is encoded by the ICOS gene. The protein encoded by this gene belongs to the CD28 and CTLA-

4 cell-surface receptor family of the immunoglobulin superfamily (Hutloff et al., 1999). It forms 

homodimers and plays an important role in cell-cell signalling, immune responses and 

regulation of cell proliferation. ICOS is expressed mainly on activated CD4+ T-cells following 

activation (Beier et al., 2000; McAdam et al., 2000). It binds to an ICOS ligand expressed by 

B-cells, macrophages and DCs. Its function is clearly co-stimulatory for T-cell proliferation and 

cytokine secretion. Loss of ICOS results in the reduction of Tregs in peripheral sites most likely 

due to cell-intrinsic mechanism dependent on increased sensitivity to apoptosis and loss of 

proliferation (Burmeister et al., 2008).  

Tumor necrosis factor receptor superfamily, member 4 (TNFRSF4, CD134) is expressed on 

activated CD4+ and CD8+ T cells but expressed constitutively on Tregs. TNFRSF4 has been 

identified as T-cell co-stimulatory molecule and its activation activates downstream pathways 

that support survival, clonal expansion and memory generation on effector T cells (So and 

Croft, 2007; Croft et al., 2009). The role of TNFRSF4 is more complex on Tregs than in other 

T cells. On Tregs the TNFRSF4 has been identified as a negative regulator of Foxp3 and the 

suppressive function of Tregs (Vu et al., 2007; So and Croft, 2007). TNFRSF4 co-stimulation 

antagonizes the conversion of naive Foxp3− CD4 T cells into Foxp3+ CD4 cells (So and Croft, 

2007) and induction of new inducible Foxp3+ Tregs from T effector cells (Vu et al., 2007). 

TNFRSF4 signalling alone expands the Treg population but at the same time drives them 

towards exhausted state without IL-2 supplementation (Xiao et al., 2012).  

Like TNFRSF4, also TNFRSF9 (CD137) is a member of the TNFR/TNF superfamily and 

works as a co-stimulatory molecule. The expression of TNFRSF9 is mostly induced by 

activation of T cells, but Foxp3+ Tregs express it in a constitutive manner (Vinay and Kwon, 

2011).  
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The co-stimulatory receptor CD27 and its ligand CD70 are members of the TNF receptor and 

ligand family. They have decisive roles in establishing T cell responses and memory (Hendriks 

et al., 2000). CD27 expressed on Treg prevents the breakdown of peripheral tolerance and limits 

anti-tumor immunity (Muth et al., 2021). CD27 signalling can reduce the apoptosis of Tregs in 

vivo and induces CD4+ effector T cells (Teffs) to produce IL-2, a key survival factor for Tregs 

(Claus et al., 2012). These observations suggest that the CD27/CD70 pathway potentiates the 

homeostasis and inhibitory function of Tregs (Bowakim et al., 2018) 

CD120b is known as TNF receptor type II (TNFR2) and it plays a pivotal role in the activation 

and expansion of Tregs, and some other types of immunosuppressive cells (Yang et al., 2021). 

The TNF signalling through CD120b has shown to be fundamental for the Tregs (Chen et al., 

2007). Some evidence indicates that CD120b mediates some of the pro-Treg functions of tumor 

necrosis factor- alpha (TNF-α). TNF-α, for example, can induce Treg proliferation through 

CD120b, while CD120b signalling stabilizes Tregs phenotype and function in inflammatory 

environments (Chen et al., 2013). The CD120b expression on a cell can be used as a marker for 

Treg when it is expressed with CD25 (Chen et al., 2010). The cells expressing CD4, CD25 and 

TNFR2 (CD4+CD25+TNFR2+) have been identified as Tregs more frequently than cells 

expressing only CD4 and CD25 (CD4+CD25high). Furthermore, the CD4+CD25+TNFR2+ cell 

population expressed high levels of Foxp3 and other characteristic Treg phenotype markers like 

CCR4, CTLA-4, CD45RO, and low levels of CD127 (Chen et al., 2010).  

1.4.3 Co-inhibitory molecules 

PD-1 (CD279) is a co-inhibitory cell surface receptor which belongs to the CD28 superfamily. 

PD-1 is expressed on activated T cells and other lymphocytes, and the expression level 

increases with prolonged antigen exposure and stimulation. PD-1 is highly expressed on 

activated Tregs, but its function remains unclear. Tregs expressing high levels of PD-1 have 

reduced FOXP3 gene demethylation, weaker suppression towards conventional T cells, low 

amount of proliferation in vitro and relatively short telomerases, which all support the idea of 

terminal cell differentiation and exhaustion status (Lowther et al., 2016). A mice study by Wong 

et al. has shown that blockade of PD-1 with antibody induced the formation of adaptive 

regulatory T cells and that Tregs expressing low PD-1 levels had a high capacity to promote B 

cell apoptosis and suppress helper T cells (Wong et al., 2013). Moreover, PD-1 expression on 

Tregs has a role in maintaining the peripheral tolerance. On the other hand, when lowly 
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expressed it has been linked to onset of autoimmune conditions and when highly expressed to 

tumor progression (Francisco et al., 2010; Gianchecchi et al., 2013; Zhulai and Oleinik, 2022).   

The CTLA-4 (CD152) is a co-inhibitory surface receptor, known for its suppressive function, 

and a close relative of CD28 sharing the same ligands (CD80, CD86). CTLA-4 expressed by 

activated conventional T cells is constitutively expressed by Tregs (Takahashi et al., 2000). 

CTLA-4 has a key role in maintaining the immune homeostasis and the heterozygous loss of it 

causes severe autoimmunity (Schubert et al., 2014). CTLA-4 has cell-intrinsic and cell-extrinsic 

functions, through which it contributes to immunological tolerance and immune responses 

(Wing et al., 2011). One of the most important cell-extrinsic functions of CTLA-4 is to control 

the availability of CD80 an CD86, two co-stimulatory molecules on antigen presenting cells 

which are needed for cell activation. CTLA-4 deficiency causes impairment of suppressive 

function of Tregs by affecting the ability to down-regulate CD80 and CD86 expression on 

antigen presenting cells (Wing et al., 2008). This implicates that CTLA-4 expression on Tregs 

is crucial to maintain suppressive immune responses.  

Lymphocyte activation gene -3 (LAG-3, CD223) is a transmembrane molecule having a co-

inhibitory function. The conformation of LAG-3 resembles the CD4 co-receptor and it also 

binds to the MHC II  like CD4, but with a greater affinity (Huard et al., 1995). LAG-3 is 

recognized as an important immune checkpoint molecule that controls T cell activation. LAG-

3 knock-out model mice had higher levels of Foxp3+ Tregs, but the functional profile of them 

was defective (Lee and Min, 2020). The same study introduced the important role of LAG-3 

intracellular signalling to Treg suppressive function. A study conducted by Huang et al. found 

that natural Tregs express LAG-3 upon activation and the expression is significantly enhanced 

in the presence of effector cells, whereas Tregs derived from LAG-3 knock-out mice exhibit 

reduced regulatory activity (Huang et al., 2004). The study also discovered that ectopic 

expression of LAG-3 on CD4+ T cells confers suppressor activity towards effector T cells, 

which indicates that LAG-3 might be a marker of the Treg population and contributes to the 

suppressive activity.  

T cell immunoreceptor with Ig and ITIM domains (TIGIT) is a co-inhibitory molecule that 

belongs to the immunoglobulin superfamily and is expressed only on lymphocytes including 

regulatory, memory and activated T cells (Yu et al., 2009). TIGIT has been reported to inhibit 

immune cell responses through multiple ways like impairing T cell priming by DCs, preventing 

tumor cell killing by NK cells and cytotoxic T cells, and enhancing the immune suppressive 
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activity of regulatory T cells (Harjunpää and Guillerey, 2020). The expression of TIGIT on 

Tregs divides the regulatory T cells into different subsets (Joller et al., 2014). TIGIT+ Treg cells 

showed high ability to suppress TCR-stimulated proliferation of T cells and thus TIGIT marks 

Tregs with superior suppressive capacity. The phenotype and transcriptional profile of TIGIT+ 

Tregs suggested a highly activated and suppressive subtype with high signature gene expression 

when compared to Tregs lacking TIGIT (Joller et al., 2014).  

T-cell immunoglobulin and mucin-domain containing-3 (TIM-3, CD366) is also a co-inhibitory 

molecule. The TIM-3 is mostly expressed on Th1 and CD8+ T cytotoxic 1 T cells, but it has 

also been detected on Tregs and on innate immune cells (Anderson et al., 2016). The expression 

of TIM-3 is a marker of highly suppressive tissue-resident regulatory T cells that has an 

important role in the antitumor immune responses (Sakuishi et al., 2013). Sakuishi et al could 

show that the majority of the intratumoral Foxp3+ Tregs express TIM-3 (Sakuishi et al., 2013). 

Moreover, another study revealed that the majority of tumor-derived TIM-3+ CD4+ T cells 

express also high levels of CD25, Foxp3, CTLA-4 and glucocorticoid-induced TNFR-related 

protein (GITR) (Yan et al., 2013), which are characteristic markers for regulatory T cells. These 

findings indicate that Foxp3+ CD4+ T cells expressing TIM-3 in human tumors represent 

functional regulatory T cells.  

1.4.4 Other markers 

MHC class II cell surface receptor encoded by the human leukocyte antigen (HLA-DR) is 

typically expressed on antigen-presenting cells. Interestingly HLA-DR is also found on T cells 

and has been associated with T cell activation. CD4+CD25+ regulatory T cells expressing HLA-

DR are a distinct population of Tregs, which are highly and rapidly suppressive (Baecher-Allan 

et al., 2006). These cells suppress T cells through an early contact dependent mechanism that 

is associated with Foxp3 induction.  

C-C chemokine receptor type 4 (CCR4) also known as CD194 is mostly expressed by the Th2 

cells, and to a lesser extent by Tregs (Yoshie and Matsushima, 2015). CCR4 mediates the 

migration of Tregs to its ligands, CCL17 and CCL22, which are produced by DCs upon 

maturation, thereby playing a key role in recruiting Tregs into lymphoid tissues (Gobert et al., 

2009; Maeda et al., 2019). CCR4 can also be used as marker of differentiated and most 

suppressive CD45RA−Foxp3hiCD4+ Treg cell subset, because it is specifically expressed by 

them, not by naïve Tregs (Sugiyama et al., 2013). In cancer patients, CCR4+ Tregs are the most 
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prominent Treg subtype in tumors in much higher amounts than in peripheral blood (Sugiyama 

et al., 2013; Gao et al., 2022).  

CCR7 (CD197) is another C-C motif chemokine receptor, which mediates the migration of 

naive T cells into the secondary lymphoid organs and stimulates DC maturation (Schneider et 

al., 2007). Moreover, CCR7 controls the recruitment of lymphocytes and mature DCs to lymph 

nodes and other lymphoid tissues (Saban, 2014). CCR7 is also needed for the negative selection 

of auto-reactive lymphocytes in the thymic medulla (Hu et al., 2017; Kurobe et al., 2006). A 

CCR7 knock-out mouse study has shown that CCR7 is required for the Treg migration into the 

lymph nodes and also to their suppressive function in vivo (Schneider et al., 2007). Additionally, 

CCR7 limits the thymus recirculation of Tregs, but it is not affecting their production or 

emigration (Cowan et al., 2016).  

Ecto-5′-nucleotidase (CD73) and ectonucleoside triphosphate diphosphohydrolase-1 (CD39) 

are ectonucleotidases which jointly catalyze the extracellular adenosine generation from 

nucleotides like adenosine triphosphate (ATP) and adenosine monophosphate (AMP) through 

hydrolysis (Deaglio et al., 2007). The generated adenosine has been shown to inhibit effector T 

cell function through binding to its receptor and activating cell intrinsic pathways, which 

suggests that adenosine participates in the suppressive function of Tregs (Smyth et al., 2013; 

Deaglio et al., 2007). Both, CD39 and CD73, are expressed by Tregs and identified as functional 

Treg surface markers (Mandapathil et al., 2009; Deaglio et al., 2007). As the level of adenosine 

affects the microenvironment and has suppressive functions, the frequency of the CD73/CD39 

expressing cells varies in disease conditions. Studies have observed an increased number of 

circulating CD39+ Tregs in cancer patients and decreased levels in some autoimmune diseases 

(Timperi and Barnaba, 2021; Borsellino et al., 2007).  

C-X-C motif chemokine receptor 3 (CXCR3, CD183) is a chemokine receptor that plays an 

important role in T cell trafficking and function (Groom and Luster, 2011). CXCR3 with its 

ligands is an inflammatory chemokine system that is capable of coordinating T cell responses 

in the inflamed periphery. It has also a role in the generation of both suppressive and 

inflammatory T cell responses. In context of Tregs, CXCR3 has been reported to recruit Tregs 

to the site of inflammatory reaction (Oo et al., 2010) and transplant rejection (Hasegawa et al., 

2007). The expression of CXCR3 may also indicate that Treg has adopted the Th1-like profile. 

Induction of naïve Tregs with IL-12 resulted in upregulated expression of Th1-associated 
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transcription factor T-box expressed in T cells (T-bet), IFN-γ, and CXCR3 (McClymont et al., 

2011).  

CXCR4 (CD184) is another C-X-C motif chemokine receptor with important roles in 

hematopoiesis, development, and organization of the immune system. The ligand of CXCR4, 

CXCL12, functions as an anti-inflammatory chemokine in inflammatory responses and also 

participates in regulating of immune surveillance, cancer, and autoimmunity (Karin, 2010). The 

CXCL12 is constitutively expressed in several tissues, for example in bone marrow, which 

enables it to regulate the localization and trafficking of leukocytes and other cells (Karin, 2010). 

The CXCL12 has been shown to mediate the effector T cell polarization towards antigen-

specific Tregs through the CXCR4 (Meiron et al., 2008). Overexpression of CXCR4 on Tregs 

has been shown in multiple cancers, like breast cancer and renal cancer (Yan et al., 2011; 

Santagata et al., 2017). A study by Yan et al. reported that high Treg infiltration in the tumor 

environment correlates with CXCL12 expression and the up-regulation of CXCR4 expression 

on Tregs due to hypoxia (Yan et al., 2011).  

CD15s (sialyl Lewis x) is a sialylated form of CD15 and highly expressed by monocytes, 

granulocytes and activated lymphocytes, especially T cells. Miyara et al. showed that CD15s is 

expressed by activated, most suppressive, and terminally differentiated Foxp3high Treg cells and 

thus can be used as marker between non-suppressive, inflammatory cytokine secreting T cells 

and suppressive Tregs (Miyara et al., 2015). However, the CD15s does not seem to be 

significant for the suppressive function of Tregs, because its blocking with anti-CD15s mAb 

did not have an effect to the suppressive activity of Tregs in vitro (Miyara et al., 2015). 

Overexpression of CD15s has been also linked to higher tumor metastasis, recurrence of cancer, 

and lower overall survival of the cancer patients (Liang et al., 2016).  

CD38 is also known as cyclic ADP ribose hydrolase and it has a role in several processes, 

including cell migration, adhesion, and signal transduction. CD38 is expressed widely by 

immune cells, especially T cells, and was first identified as an T cell activation marker (Morandi 

et al., 2019). CD38 has been found to work also in the adenosine production, but from a different 

axis (CD38/CD203a/CD73) than previously known CD39/CD73 pathway (Horenstein et al., 

2013). In this axis the adenosinergic loop is initiated by CD38 converting NAD+ to cyclic ADP 

ribose (cADPR), which is then metabolised by CD203a to AMP, which in turn is converted to 

adenosine by CD73. The importance of CD38 on Treg function has also been noticed via 

knockout models. Tregs expressing CD38 at high level had superior suppressive activity 
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compared to Tregs with low CD38 expression (Patton et al., 2011). In the same study,  Tregs 

expressing low levels of CD38 failed to upregulate the CD73 expression, indicating the 

important role of CD38 for Treg suppressive function (Patton et al., 2011).   

CD103 is an alpha E integrin (ITGAE) that mediates cell migration, adhesion, and lymphocyte 

homing of cell through interaction with E-cadherin, a protein expressed on epithelial cells (Kim 

et al., 2019). The CD103 is expressed on T lymphocytes, but also on DCs and mast cells. The 

expression of CD103 on CD4+ T cells has been linked to the regulatory phenotype marker 

(Allakhverdi et al., 2006). CD103+ cells showed a high suppressive capacity and an increase in 

Foxp3 mRNA, regardless of CD25 coexpression (Allakhverdi et al., 2006). This suggests that 

CD4+ T cells expressing CD103 are Tregs. The expression of CD103 has also been found to be 

upregulated on the tumour infiltrating Tregs, especially in tumours secreting TGF-β (Anz et al., 

2011). TGF-β is known to promote CD103 protein expression through enhancing its gene 

transcription (Allakhverdi et al., 2006; Robinson et al., 2001). The suppressive capacity of 

tumor infiltrating CD103+ Tregs has shown to be higher towards effector T cells than CD103 

negative Tregs (Anz et al., 2011).  

1.5 Health and disease 

Treg cells are important in maintaining the normal homeostasis and suppressing unwanted or 

too strong immune reactions. However, abnormalities in Treg numbers, frequencies, or 

suppressive function can trigger autoimmune diseases (Attias et al., 2019; Sakaguchi et al., 

2020). Some key mechanisms that can lead to Treg cell dysfunction in human diseases are: 

genetic defects, presence of Treg cell destabilizing factors, abrogation of Treg cell-promoting 

signals and co-opting Treg cell suppressive function (Attias et al., 2019).  

One of the most severe examples of Treg cell dysregulation is the IPEX syndrome described in 

detail under 1.3.1 section. Treg cells are engaged in supressing immune reactions against self-

constituents, environmental subsets, and microbes, and that is why the dysfunction or 

deficiency of them can cause autoimmune diseases and allergies in humans (Sakaguchi et al., 

2020). Therefore, disruptions in Treg cell signature genes, receptors or pathways can lead to 

autoimmune disease due to dysfunctional Treg cells. In case of deficient Tregs, self-reactive T 

cells can be activated and expanded without control causing autoimmune reactions (Sakaguchi 

et al., 2020).  
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Other gene defects can also cause Treg abnormalities and dysfunction. A rare autosomal 

recessive deficiency in CD25 has been detected and it has been recorded to manifest like IPEX 

syndrome (Sharfe et al., 1997; Caudy et al., 2007; Goudy et al., 2013; Bezrodnik et al., 2014). 

IL-2 is essential for survival and function of Tregs and also for the initiation and maintenance 

of adaptive T-cell responses. The disease manifestation is various, but often it includes different 

infections, enteropathy, lymphadenopathy, hepatosplenomegaly, eczema, and less often 

diabetes, autoimmune thyroiditis and asthma (Cepika et al., 2018). In addition, CTLA-4 

deficiency can lead to uncontrolled effector T cell responses due to abnormal Treg function. 

Animal studies have shown that loss of CTLA-4 in mice results in lethal systemic autoimmunity 

(Tivol et al., 1995). In humans, CTLA-4 haploinsufficiency leads to immune dysregulation 

(Kuehn et al., 2014). The disease is known as CTLA-4 haploinsufficiency with autoimmune 

infiltration (CHAI) disease (Lo et al., 2016) and presents with autoantibody-mediated 

cytopenia, hypogammaglobulinemia, lymphadenopathy, organ specific autoimmunity, 

lymphoproliferation, lymphocytic infiltration of nonlymphoid organs and neurological 

involvement (Lo et al., 2016). Deficiency of CTLA-4 can also lead to LPS responsive beige-

like anchor protein (LRBA) deficiency, characterized by autoantibodies, Treg cell defects, 

autoimmune infiltration and enteropathy (LATAI) disease. LATAI disease shares clinical and 

phenotypical features with CHAI (Lo et al., 2016; Gámez-Díaz et al., 2016). There are also 

other known mutations, e.g., mutations in BACH2 region, itchy E3 ubiquitin protein ligase 

(ITCH), IL-2 inducible T cell kinase (ITK) or STAT-3, that can cause the downstream 

dysregulation of Tregs (Cepika et al., 2018). 

In cancer, Tregs can suppress antitumor responses, worsening disease outcome (Attias et al., 

2019; Sakaguchi et al., 2020). The Treg cell suppression function in tumour immunity can 

hamper the immune system ability to destroy the tumour cells. This increased Treg function 

and immune suppression contributes to cancer onset, progressions and ultimately to metastases. 

In the tumour microenvironment, Tregs are in a highly proliferative state expressing high levels 

of T cell activation associated molecules (e.g., CD25, CTLA-4, ICOS, OX40, LAG-3, GITR, 

TIGIT, and PD-1). In addition, tumour cells contribute to Treg cell generation by expressing 

IDO, which also leads to the starvation of effector T cell (Attias et al., 2019). In addition, within 

the tumour microenvironment Treg cells mediate immunosuppression and thereby supress and 

prevent other immune cells from destroying the tumour cells. High frequencies of tumour 

infiltrating Tregs compared to CD8⁺ T cell frequencies are correlating with poor prognosis and 

high metastatic potential (Attias et al., 2019; Sakaguchi et al., 2020).  
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1.6 Regulatory T cell modulation as therapeutic option 

In autoimmune diseases Treg cells are not working properly, or they are absent. This causes an 

inadequate immune response, and uncontrolled inflammatory response of effector T cells, 

which has raised interest towards Treg cells as immunotherapeutic target. There are two 

different approaches to treat autoimmune diseases: cell-based therapies and non-cell-based 

therapies, both aiming to restore and enhance Treg cell balance and function in vivo 

(Eggenhuizen et al., 2020).  

The non-cell-based therapies include for example low-dose IL-2, TNFR2 agonists, rapamycin 

and autoantigens. IL-2 can activate Treg cells and has potential to expand Treg cell in patients 

in vivo (Abbas et al., 2018). When low dose of IL-2 is used, only CD25high Treg cells are targeted 

(Tang, 2015) promoting Treg cell differentiation, expansion, and action. TNFR2 is a receptor 

for TNF-α, which is able to induce anti-inflammatory and tissue regenerative effects. Treg cells 

have high expression of TNFR2 and its expression is linked to Treg  suppressive capability 

(Chen et al., 2013, 2010). Nevertheless, there is yet no TNFR2 agonist in clinical use. 

Rapamycin is a mTOR inhibitor and it is very potent macrolide immunosuppressant drug 

(Thomson et al., 2009). It inhibits DCs ability to mature and stimulate T cell differentiation and 

activation. On the other hand, rapamycin selectively expands Treg cells and helps maintaining 

their function and suppressive phenotype. This results in enrichment and induction of Tregs 

promoting immune tolerance. Autoantigens have also been suggested as therapeutic option to 

activate and expand specific Treg cells. Different DNA vaccines, proteins, peptides, and 

epitopes loaded to carriers have been used in clinical trials and found to be safe and well 

tolerated (Eggenhuizen et al., 2020).  

The cell-based therapies include approaches of using polyclonal Treg cells, autoantigen-

specific TCR and CAR (chimeric antigen receptor) Treg cells, and also, tolerogenic DCs 

(Eggenhuizen et al., 2020). The polyclonal Treg cells offer a non-specific way to restore Treg 

cell balance with the use of these ex-vivo-expanded cells with natural repertoire of TCRs. When 

generating antigen-specific TCRs or CARs onto Tregs, the Treg can be directed to specifically 

target and activate the auto-antigenic immune responses (Selck and Dominguez-Villar, 2021; 

Raffin et al., 2019). At the moment, several clinical trials using different Treg cell-based 

therapies are ongoing to treat autoimmune diseases (Eggenhuizen et al., 2020; Selck and 

Dominguez-Villar, 2021).  
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In cancer, Treg cells are overactive and supress anti-tumour immunity allowing the tumour to 

progress and ultimately metastasize. This makes Treg cells also a potential target for cancer 

immunotherapies through their depletion or controlling their function. Specifically, markers 

important for Treg cell function, such as CD25, CTLA-4, ICOS and PD-1 are targeted. Also, 

chemokine receptors like CCR4 and CCR8 can be targeted to deplete Treg cells. The use of 

immune-checkpoint inhibitors (ICIs) has recently increased rabidly as treatment option for 

different cancers (Togashi et al., 2019). While ICIs targeting PD-1 signalling pathways are part 

of the standard therapy against several malignancies, not all patients benefit from anti PD-1 or 

anti PDL-1 treatment. However, in some cases, blocking PD-1 signalling has shown to enhance 

the immunosuppressive function of Treg cells, whereas  CTLA-4 inhibitors have caused Treg 

cell death (Togashi et al., 2019). Another approach to prevent the harmful effect of Treg cells 

in cancer is to modulate the function of the cells and inhibit the cell infiltration to the tumour 

site. This can be done by targeting metabolic pathways, cell signalling, and chemokine and 

cytokine secretion (Ohue and Nishikawa, 2019).  

Although, there has been a huge advance in therapy options utilizing Tregs, further studies are 

needed to study the long-term effect and solve the challenges of each treatment (Selck and 

Dominguez-Villar, 2021; Raffin et al., 2019; Goswami et al., 2022). In addition, understanding 

the mechanisms in prevention of cancer, autoimmunity and other diseases in humans is essential 

(Chen et al., 2022; Eggenhuizen et al., 2020). 

1.7 Aim of the study 

The overall aim of this study was to characterize human iTregs at single cell level using mass 

cytometry. For this purpose, a human iTreg antibody panel will be set up and validated. This 

antibody panel will be then applied to profile early differentiation of human iTreg cells.  
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2 Results 

2.1 Human iTregs expressed Foxp3 and were suppressive 

For each iTreg cell cultures, CD4+ cells, isolated from single cord blood donor were activated 

and differentiated into Th0 and iTreg cells. Naïve CD4+ T cells were characterized by the 

expression of memory-associated surface marker CD45RO and naïve-associated surface 

marker CD45RA using flow cytometry. Cells with naivety greater than 60% were used for cell 

differentiation.  

The successful iTreg cell differentiation was verified at 72 h by measuring the expression of 

Foxp3 at protein level using western blot analyses and intracellular flow cytometry staining.  

 

Figure 3. Foxp3 was upregulated in iTregs at 72h. A) At 72h of differentiation, immunoblotting showed 
a strong upregulation of Foxp3 in iTregs compared to activated control cells (Th0) in four individual 
donors (Repl. 1-4). B) The protein band intensities, normalised to β-actin, support the increase of Foxp3 
expression. C & D) The Foxp3 expression was also confirmed by flow cytometry, showing a significant 
upregulation of the mean fluorescence intensity (GMFI) of Foxp3 in iTregs from one representative 
donor (C) and four individual replicates (D). The GMFI data is represented as mean ± standard deviation 
(SD) for four individual replicates. (**p<0.01). 
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The expression of Foxp3 at protein level was strongly upregulated in iTregs from each single 

donor at 72 h (figure 3A). The signal intensities of the protein bands supported the increased 

expression of Foxp3 in iTregs (figure 3B). Furthermore, the flow cytometry analyses confirmed 

the upregulation of Foxp3 to be statistically significant (p < 0.05) at 72 h in iTreg cells compared 

to Th0 cells (figures 3C & D).  

The suppressive capacity is one of the main characteristics of Tregs. The suppressive capacity 

of iTregs was assessed by flow cytometry after a four-day co-culture with fluorescence-labeled 

responder cells at different ratios (1:1, 1:0.5 and 1:0.25). The amount of suppression was 

determined by quantifying the percentage of proliferating responder cells. High percentage of 

proliferating cells indicates weak suppressive capacity. 

iTreg cells suppressed the responder cell proliferation at all ratios compared with Th0 control 

cells. The strongest effect was observed at ratios (responder cells : iTreg) 1: 0.5 (p = 0.07) and 

1:0.25, showing significantly higher iTreg suppression compared to Th0 suppression (figures 

4A & B).  

 

 

Figure 4. The suppressive capacity was induced in iTregs. To assess the suppressive capacity of 
iTregs and Th0, cells were cocultured at different ratios with proliferating CD4+ cells. The percentage of 
proliferating fluorescent labeled CD4+ cells (responder cells) was measured by flow cytometer. Lower 
percentages indicated stronger suppression of proliferating CD4+ cells. A) iTregs had statistically 
significant stronger suppressive capacity compared to Th0 at ratio 1:0.25. B) One representative 
replicate showing the proliferation of CD4+ cells cocultured with Th0 or iTreg. Lower intensities of 
CellTrace Violet reveal divided cells. The data in (A) is represented as mean ± SD for three individual 
replicates. (*p<0.05). 
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2.2 Characteristic phenotype markers were present on iTregs 

The Treg phenotype has been reported to be CD127low CD25high Foxp3high (Hartigan-O’Connor 

et al., 2007; Liu et al., 2006). The expression of Foxp3 increased in iTregs during differentiation 

and with significantly higher (≥ 30%) Foxp3+ cells in iTregs compared to the Th0 controls at 

all given time points (figure 5A, left panel). In addition, the mean fluorescence intensity (MFI) 

of Foxp3 was also statistically significantly higher upon Treg cell differentiation compared to 

Th0 cells (figure 5A, right panel).  

On the other hand, the expression level of CD25 was high on both iTregs and Th0 cells at all 

measured time points and no statistically significant differences were detected between them 

(figure 5B, left panel). However, the MFI values of CD25 were significantly higher on iTregs 

than on Th0 cells at 24h (figure 5B, right panel). At 72h, a slight upregulation of CD25 on 

iTregs was observed, but the difference between iTregs and Th0 cells was not statistically 

significant (MFI: p = 0.08, expression %: p = 0.10).  

The percentage of CD127 positive cells was low on both iTregs and Th0 cells over time (≤ 

10%, figure 5C), and no statistically significant difference was observed (24h: p = 0.06, 48h: p 

= 0.59, 72h: p = 0.22).  

During cell activation, Th0 and iTreg cells gained the memory cell marker CD45RO (figure 

5D). At 72h, the percentage of CD45RO positive cells was statistically significantly higher on 

iTregs compared to Th0 cells (figure 5D, left panel). The MFI values confirmed the same trend 

as described in CD45RO positive iTregs cells at 72h (figure 5D, right panel). In addition, at 

24h timepoint the MFI values were statistically significantly higher on iTregs than on Th0 cells. 
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Figure 5. The characteristic phenotype markers were expressed on iTregs. Naïve CD4+ cells were 
isolated from 4 individuals and differentiated into iTreg cells. Activated Th0 served as control. Cells were 
stained at 24h, 48h and 72h and applied to mass cytometry. Percentage of positive cells and mean 
fluorescence intensity (MFI) of each marker A) Foxp3, B) CD25, C) CD127, and D) CD45RO are shown. 
The data are represented as mean ± SD for four individual replicates. (*p<0.05, **p<0.01, ***p<0.01). 

 

2.3 Expression of co-inhibitory markers on iTregs increased during cell 

differentiation 

The inhibitory molecules are crucial for the Treg function. Several of the inhibitory molecules 

measured in this study were upregulated with time. PD-1 was exceptionally highly expressed 

on iTregs at all timepoints (figure 6A). The MFI values of PD-1 increased with time both on 

iTregs as well as Th0 cells, though the expression was statistically significantly higher in iTregs 

at all timepoints (figure 6A, right panel). The percentage of PD-1 positive iTregs was nearly 

100% at early and late differentiation stages (figure 6A, left panel). Nevertheless, at early 

differentiation stage (24h), the expression of PD-1 was statistically significantly higher on iTreg 

than on Th0 cells (figure 6A, left panel).  

The expression of CTLA-4 increased with time in Th0 and iTreg cells, nevertheless, no 

statistically significant difference was observed between iTregs and Th0 cells (figure 6B).  

The percentage of TIM-3 and TIGIT positive iTreg cells was relatively low at early time points 

(< 1 %) (figures 6C & D). The expression of TIM-3 increased with time and was statistically 

significantly higher on iTregs compared to Th0 cells at 48 and 72h. TIGIT, on the other hand, 
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was not statistically significantly upregulated on iTregs, although a slight trend towards higher 

expression on iTregs was observed (figure 6D).  

LAG-3 expression was also upregulated on iTregs compared to Th0, but the upregulation was 

not statistically significant (24h: p = 0.06, 48h: p = 0.12, 72h: p = 0.55) (figure 6E).  

 

 

Figure 6. Expression of inhibitory markers increased during cell differentiation. Naïve CD4+ cells 
were isolated from four individuals and differentiated into iTreg cells. Activated Th0 cells served as 
control. Cells were stained at 24h, 48h and 72h and applied to mass cytometry. Percentage of positive 
cells and mean fluorescence intensity (MFI) of each inhibitory marker A) CD279, B) CD152, C) CD366, 
D) TIGIT, and E) CD223 are shown on iTregs and Th0 controls. The data are represented as mean ± 
SD for four individual replicates. (*p<0.05, **p<0.01, ***p<0.01). 
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2.4 CD103 and several chemokine receptors were upregulated on iTregs 

CD103, also known as integrin αEβ7 (ITGAE) was expressed at a high level on iTregs whereas 

no expression was observed on Th0 cells (expression level < 0.1 %), suggesting that CD103 is 

a characteristic iTreg marker in our experimental setting (figure 7A). The percentage of CD103 

positive cells was significantly upregulated on iTregs at early and late time points (figure 7A, 

left panel). Up to 20% and 60% of CD103 positive iTregs were detected at 48 and 72h, 

respectively. MFI values confirmed its significantly higher expression on iTregs at 48 and 72h 

compared to Th0 (figure 7A, right panel).  

Both C-C motif chemokine receptors, 4 and 7, were strongly upregulated on iTregs compared 

to Th0 cells. The percentage of CCR4 (CD194) positive iTregs was significantly higher at 24, 

48 and 72h compared to Th0 cells (figure 7B, left panel), which was further confirmed by the 

MFI data (figure 7B, right panel). However, donor dependent variation in CCR4 expression 

was observed in both iTregs and Th0 cells, as seen from the high standard deviations. The 

percentage of CCR7 (CD197) positive cells and its MFI were significantly upregulated on 

iTregs at all timepoints, with highest expression at 24h, when compared to Th0 cells (figure 

7C). Interestingly, Th0 cells showed a decrease in CCR7 expression with time, which was not 

observed in iTregs. However, the expression of CCR7 also varied between the four individuals.  

The percentage of C-X-C motif chemokine receptor 3 (CXCR3, CD183) positive iTregs cells 

(60% at early and 90% at late time points) was significantly higher (p < 0.01) at all timepoints 

when compared to Th0 (figure 7D, left panel). The MFI values followed almost the same trend 

showing a statistically significant upregulation of CXCR3 on iTregs at 24 and 72h timepoint, 

but not at 48h timepoint (p = 0.051) compared to Th0 cell controls (figure 7D, right panel).  

The CXCR4 (CD184) was expressed on both cell types, but no significant difference could be 

detected between iTreg and Th0 cells (figure 7E).  

CD38 was very highly expressed on both iTregs and Th0 cells at all timepoints (figure 7F, left 

panel). A statistically significant upregulation of CD38 positive cells was detected on iTregs at 

the 72h compared to Th0 positive cells. MFI values of CD38 did not show any statistically 

significant difference at any timepoint, although the MFI was slightly higher on iTregs at 72h 

(p = 0.07) (figure 7F, right panel). 
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Figure 7. CD103 and several chemokine receptors were upregulated on iTregs compared to Th0 
cells. Naïve CD4+ cells were isolated from 4 individuals and differentiated into iTreg cells. Activated Th0 
served as control. Cells were stained at 24h, 48h and 72h and applied to mass cytometry. Percentage 
of positive cells and mean fluorescence intensity (MFI) of each marker A) CD103, B) CD194, C) CD197, 
D) CD183, E) CD184, and F) CD38 are shown and compared between iTregs and Th0 controls. The 
data are represented as mean ± SD for four individual replicates. (*p<0.05, **p<0.01, ***p<0.01). 

 

 

2.5 Co-stimulatory molecules CD120b and CD137 were upregulated on iTregs 

Of the six co-stimulatory molecules analyzed, only two CD120b (TNFR2) and CD137 

(TNFRSF9), were found to be significantly upregulated on iTregs compared to Th0 cells. More 

than 70% of iTreg expressed the surface marker CD137, which was statistically significantly 

upregulated on iTregs at every timepoint (figure 8B, left panel). In addition, the MFI values 

were also significantly higher on iTregs than on Th0 cells (figure 8B, right panel).  



31 
 

In comparison, the expression of CD120b varied highly between the individual donors and the 

percentage of CD120b positive cells was statistically significantly higher on iTregs than on Th0 

cells at 48 and 72h (figure 8A, left panel). The MFI values indicated the same pattern being 

significantly higher on iTregs at 48 and 72h timepoints (figure 8A, right panel).  

The expression levels of CD27 and ICOS (CD278) did not show any statistical differences 

between Th0 and iTreg cells. The expression of CD27 was almost 100 % at all timepoints on 

both iTregs and Th0 cells (figure 8C, left panel) whereas the MFI values revealed a decrease in 

CD27 expression in both Th0 and iTregs (figure 8C, right panel). In addition, the MFI values 

were statistically significantly higher on Th0 cells than on iTregs at 48h timepoint. ICOS, a 

member of CD28-superfamily co-stimulators, showed no statistically significant difference 

between Th0 and iTreg positive cells at any given timepoint (24h: 0.35, 48h: p = 0.05, 72h: p = 

0.19) (figure 8D, left panel). However, the MFI values of ICOS showed a statistical 

upregulation on Th0 cells at 48h timepoint compared to iTreg, whereas big donor variation in 

ICOS expression was observed (figure 8D, right panel). The overall expression of ICOS 

(percentage and MFI) decreased on iTregs with time (figure 8D).  

The expression level of CD28 (percentage and MFI) was greater on Th0 cells than on iTregs at 

all timepoints (figure 8E) but a statistically significant difference was observed only at 48h 

(figure 8E, left and right panel). 

Almost 80% of Th0 and iTreg cells expressed the surface marker CD134 (TNFRSF4). 

Statistically significant differences were detected at 48 and 72h timepoints (figure 8F). At the 

48h timepoint the expression level and MFI values were statistically significantly upregulated 

on Th0 cells compared to iTregs. On the other hand, at the 72h timepoint the expression levels 

were statistically significantly upregulated on iTregs compared to the Th0 cells, but the 

difference was not detected at MFI values (p = 0.09) (figure 8F). 
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Figure 8. Co-stimulatory molecules CD120b and CD137 were upregulated on iTregs. Naïve CD4+ 
cells were isolated from 4 individuals and differentiated into iTreg cells. Activated Th0 served as control. 
Cells were stained at 24h, 48h and 72h and applied to mass cytometry. Percentage of positive cells and 
mean fluorescence intensity (MFI) of each co-stimulatory marker A) CD120b, B) CD137, C) CD27, D) 
CD278, E) CD28, and F) CD134 are shown and compared between iTregs and Th0 controls. The data 
are represented as mean ± SD for four individual replicates. (*p<0.05, **p<0.01). 

 

 

2.6 HLA-DR, CD15s, CD39 and CD73 were lowly expressed on iTregs 

HLA-DR, CD15s, CD39 and CD73 were expressed on a very low level (< 3 % and MFI less 

than 10) on the iTregs and Th0 cells (figure 9). In addition, the expression levels of some of 

these molecules decreased over time.  

The percentage of HLA-DR positive Th0 and iTreg cells was less than 0.5 % at all timepoints 

(figure 9A). CD15s was observed to be higher expressed on iTregs at 24 and 72h timepoints, 

but the percentage of CD15s positive cells was less than 2% and 1%, respectively (figure 9B). 

The adenosine production mediated by CD39 and CD73 has been linked to immunosuppression 
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mechanism in Tregs. Less than 2% of CD39 positive Th0 and iTregs were detected (figure 9C), 

whereas CD73 was expressed on a slightly higher level on iTregs than Th0 cells at all timepoints 

but percentage of CD73 positive iTreg cells was less than 3% (figure 9D).  

 

 

Figure 9. HLA-DR, CD15s, CD39 and CD73 were lowly expressed on iTregs at all timepoints. Naïve 
CD4+ cells were isolated from 4 individuals and differentiated into iTreg cells. Activated Th0 served as 
control. Cells were stained at 24h, 48h and 72h and applied to mass cytometry. Percentage of positive 
cells and mean fluorescence intensity (MFI) of each marker A) HLA-DR, B) CD15s, C) CD39, and D) 
CD73 are shown. Differences between iTregs and Th0 cells were not significant on the lowly expressed 
molecules. The data are represented as mean ± SD for four individual replicates.  

 



34 
 

3 Discussion  

Tregs are a distinct Th cell subpopulation and responsible for maintaining the immune 

homeostasis and self-tolerance by suppressing immune responses. Due to their association in 

different disease conditions, Tregs have huge potential in clinical applications. However, to use 

Tregs safely for treatment of cancer and autoimmune disorders their function and features need 

to be well characterized.  

In recent years, mass cytometry has gained popularity to study and characterize different cell 

types and conditions (Bae et al., 2022; Barcenilla et al., 2019). Mass cytometry is a combination 

of flow cytometry and mass spectrometry. It can be used to detect more than 40 different cell 

surface and intracellular markers simultaneously at the single cell level, enabling deep cell 

phenotyping. Tregs have been studied with a Treg specific panel from ex vivo human samples 

to reveal the complexity of Tregs (Mason et al., 2015) in various diseases, including idiopathic 

aplastic anemia to predict response to treatment (Kordasti et al., 2016) and type 1 diabetes to 

study immune cell subset differences between healthy and autoantibody positive children to 

find new predictive biomarkers (Barcenilla et al., 2019). Moreover, mass cytometry contributes 

to the identification of diverse Th and Treg subpopulations from human blood, which could be 

a reference to study abnormalities of different cell populations in immune-mediated pathologies 

(Kunicki et al., 2018; Olin et al., 2022).  

In this study, human induced Treg cells were characterized in-depth using mass cytometry. For 

this purpose, a panel of 25 markers, characteristic for human Tregs was designed and validated.  

CD4+ cells from four individuals were activated and differentiated into control Th0 and iTreg 

cells, respectively. Moreover, the use of cells from four different donors allows the 

identification of individual differences in the expression of each marker. Overall, only few 

individual dependent changes in marker expression were detected in this study, which will be 

discussed in more detail below.  

The present study displays the previous reported Treg phenotype CD127low CD25high Foxp3high 

(Hartigan-O’Connor et al., 2007; Liu et al., 2006; Santegoets et al., 2015), which has been used 

as the basis of Treg identification. Here, iTregs gained the Foxp3 expression upon time and had 

very high and steady CD25 expression (90 ± 10%). The CD127 expression was relatively low 

on iTregs being less than 5%. Also, the CD45RO memory cell type marker increased upon 

time, confirming the T cell activation. 
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Besides the well-known Treg characterization markers, other surface markers were strongly 

expressed on Tregs when compared to Th0. 

CD103, an integrin protein, was strongly upregulated on iTregs (60%) at late differentiation 

stage while it was not expressed on Th0 control cells, which suggest its functional role on Treg 

cells. The expression of CD103 is known to be induced by the TGF-β (Hadley et al., 1999; 

Mokrani et al., 2014; Anz et al., 2011) which would explain its strong upregulation on iTregs 

compared to Th0 control cells.  Moreover, it has also been suggested that CD103 could be a 

characteristic marker for Treg cells (Allakhverdi et al., 2006; Anz et al., 2011).  Previous studies 

have shown that CD103 mediates cell migration, adhesion, and lymphocyte homing through 

interactions with E-cadherin (Kim et al., 2019). CD103+ Tregs have shown to express also high 

levels of GITR, ICOS, CTLA-4, granzyme B, CCR3 and 5 (Lin et al., 2009; Chang et al., 2012) 

in addition to high Foxp3 expression. Moreover, CD103 has been suggested to have a role in 

modulating the Foxp3 expression (Braun et al., 2015). However, the relation of CD103 to the 

suppressive function and phenotype of Tregs is yet to be studied.  

Another marker, CCR4 (CD194) has previously been reported to be expressed on Tregs and 

associated with strong suppressive effector phenotype (Sugiyama et al., 2013). Moreover, 

CCR4-deficient Tregs lost their suppressive capacity, supporting its functional role in Tregs 

(Molinaro et al., 2015). In the current study, Tregs also expressed significantly higher amounts 

of CCR4 compared to Th0 cells, which could be associated with the suppressive capacity of the 

Tregs. Increased expression of CCR4 on Tregs has been shown in rheumatoid arthritis (Li et 

al., 2015). The association of CCR4+ Tregs with cancer (Marshall et al., 2020) and autoimmune 

diseases (Asothai et al., 2015; Li et al., 2015) makes it very interesting target to investigate 

further. However, further studies are still needed to study the regulation of CCR4 and its role 

in Treg suppressive function. 

Individual dependent variation in marker expression was seen for few markers like CCR4 and 

CCR7. Both had quite large variability in the expression levels between donors. Although 

expression of both markers was significantly higher on iTregs than Th0 cells, the percentage of 

positive cells varied ranging from 0 to 50% on iTregs between donors.  

The CD120b has been suggested also as one Treg marker when coexpressed with CD25 (Chen 

et al., 2010). CD120b is important for TNF signaling in Tregs. TNF-α can induce Treg 

proliferation through CD120b signaling, which also stabilizes Tregs phenotype and function in 
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inflammatory environments (Chen et al., 2013). In the current study, the amount of CD120b on 

iTregs increased upon time and was also significantly upregulated on iTregs compared to Th0 

cells. At late timepoint, around 70% of iTregs expressed CD120b, which indicates that CD120b 

is frequently expressed by Tregs and may be a characteristic marker for these cells. 

Interestingly, CD120b is shown to enhance the suppressive function of Tregs (Nguyen and 

Ehrenstein, 2016; He et al., 2018), which in the cancer environment worsens the prognosis and 

enhances metastasis formation (Chopra et al., 2013). By understanding how CD120b works in 

Tregs and how it is activated and regulated, it could be considered as a potential new treatment 

option. 

In addition, the co-stimulatory molecule CD137 (TNFRSF9) was highly expressed on iTregs 

(80%), which is in line with a previous report, describing CD137 as a Treg specific activation 

marker (Nowak et al., 2018). Further, in that study the identified CD137+ cells were not 

expressing CD154 (CD40L) which  is usually not expressed by Tregs and thus can be used to 

discriminate Tregs from conventional T cells (Schoenbrunn et al., 2012). Tregs constitutively 

expressing CD137 have also been demonstrated to be superior in the suppressive capacity 

compared to Tregs that do not express CD137 (Kachapati et al., 2012). However, due to 

controversial findings, the role of CD137 in Tregs is under debate (Zhang et al., 2007; Elpek et 

al., 2007; Akhmetzyanova et al., 2013; Madireddi et al., 2012). CD137 has been shown to be 

expressed by cancer cells in different malignancies like lymphoma (Ho et al., 2013) and 

leukemia (Palma et al., 2004), but also tumor-reactive T cells (Zhu and Chen, 2014). Recently 

it has been reported that Tregs are able to inhibit T cell activity in tumor microenvironment by 

downregulating the expression of the CD137 ligand (CD137L) on APCs through CD137 

trogocytosis (Luu et al., 2021). The functional role of CD137 on Tregs, especially in context of 

malignancies needs further investigation.  

One of the most interesting findings in this study was the significant upregulation of CXCR3 

expression on the iTregs. The CXCR3 is commonly associated as marker of Th1 cells 

(Watanabe et al., 2020) and thus it may indicate a Th1-like phenotype of iTregs. Tregs are 

known to have different phenotypes that resemble other T helper cells (Duhen et al., 2012). The 

high CXCR3 expression might be associated with the recruitment of CXCR3+ Tregs to the site 

of inflammation (Oo et al., 2010). However, as it is known that Tregs can express other Th cells 

phenotypic markers or even gain other T-helper cell like phenotypes, adding characteristic Th1 

or Th17 lineage markers to the panel might give insights in the differentiation status of Tregs. 
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As previously mentioned, both CD39 and CD73 are important for the adenosine production and 

thus essential for the adenosine mediated suppression of Tregs (Deaglio et al., 2007). In the 

current study, the expression levels of CD39 and CD73 remained very low on the iTregs, which 

might indicate that the adenosine mediated suppression may not be the predominant 

mechanism. However, in the present study, adenosine levels were not measured. Therefore, 

further studies are needed to confirm low levels of adenosine, which could be then linked to the 

suppressive role of Tregs.  

Besides, inhibitory molecules have been described to play a major role in the suppressive 

function of the Tregs.  The checkpoint inhibitor PD-1 was expressed by almost 100% of the 

Tregs at all the studied time points. An increase in LAG-3 and TIM-3 positive iTregs (10%) 

was observed at 72h, indicating that these molecules might contribute to the suppressive 

capacity of iTregs at late differentiation stage in vitro. However, longer Treg cultures such as 4 

or 5 days have to be performed to confirm this hypothesis. CTLA-4 (CD152) is usually 

upregulated on T cells upon stimulation and acts to suppress T cell activation through DCs by 

binding its B7 ligands (Oderup et al., 2006). Studies have shown that CTLA-4 is one of the 

most common inhibitory molecules expressed on Tregs (Takahashi et al., 2000; Tang et al., 

2008). In the current study, CTLA-4 expression level stayed relatively low even at the 72h 

timepoint. Low cell surface expression of CTLA-4 has also been reported previously by other 

studies and also by another mass cytometry study (Mason et al., 2015). However, it is known 

that CTLA-4 is constitutively expressed on the surface but also stored intracellularly in high 

amounts (Takahashi et al., 2000; Jago et al., 2004). Several signaling molecules regulate the 

CTLA-4 trafficking between intracellular and cell surface compartments (Valk et al., 2008). 

Therefore, it might be interesting also to investigate the triggers of CLTA-4 trafficking in the 

current model to better understand its role in suppressive function.  

In this study iTregs did not express HLA-DR or CD15s. Both markers have been linked to 

highly suppressive Tregs (Baecher-Allan et al., 2006; Miyara et al., 2015). Nevertheless, the 

expression or even upregulation of distinct markers is highly dependent on the 

microenvironment and disease state, which is difficult to mimic in vitro.  

In the current study, a Treg panel was successfully established and used for high-dimensional, 

single-cell characterization of iTregs using mass cytometry. In addition to the characteristic 

Treg phenotype markers, several inhibitory markers including PD-1, CTLA-4, LAG-3 and 

TIM-3 were expressed and increased with time on iTreg compared to Th0 cells. Also, some 
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other surface markers like CD103, CD137, CCR4 and CXCR3 showed a statistically significant 

upregulation on iTregs, which are interesting targets in context of Treg function. Next, a more 

detailed cluster analysis will be performed which will give insights in the regulation and cell 

surface marker expression of human Tregs at single cell level. Moreover, a comprehensive 

comparison of the marker expression of iTregs, generated in the current study, with natural 

Tregs purified from human peripheral blood would reveal shared markers, but also highlight 

the differences between these two Treg populations, which is important to gain deeper insights 

in Tregs generated in vitro.  
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4 Materials and methods 

4.1 Workflow 
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4.2 CD4+ T cell isolation from umbilical cord blood 

Human CD4+CD25- T cells were isolated from umbilical cord blood of neonates (Turku 

University Central Hospital, Turku, Finland) with approval of the Finnish Ethics Committee 

after oral consent (24.11.1998 article #323).  The cord blood was collected in 50 ml tubes 

supplemented with 1000 IU of heparin (Leo Pharma) by the midwives of the hospital. Fresh 

blood, not older than two days, was diluted up to 35 ml with Phosphate Buffer Saline (PBS) 

and layered with Ficoll-Paque Plus (Amersham Bioscience) to isolate the mononuclear cells by 

density gradient centrifugation (1500 revolutions per minute (rpm), 30 min, no brake). The 

buffy coat layer was harvested, and washed twice with PBS (1500 rpm, 10 min). 

CD4 positive (CD4+) T cells were isolated using magnetic beads (Dynal CD4 Positive Isolation 

Kit, Invitrogen). In brief, anti-CD4 beads were washed with PBS supplemented with 2 % Fetal 

Bovine Serum (FBS, Serena) on a magnet stand. The isolated mononuclear cells were incubated 

with the beads (3.5 µl of beads per ml of undiluted cord blood) in PBS + 2 % FBS on an end-

over-end mixer (20 min, +4 °C). After incubation, beads were washed with PBS + 2 % FBS on 

magnet stand to remove unbound material. To detach the CD4+ cells from the bead, the cell-

bead mixture was incubated with Detach antibody in gentle mixing shaker (45 min, room 

temperature (RT)). CD4+ cells were collected from the supernatant on magnet stand and the 

beads were washed with PBS + 2 % FBS to collect all the CD4+ cells.  

The purity of naive CD4+ T cells from individual donors was characterized by CD45RA (naïve 

T cell) and CD45RO (memory T cell) expression using flow cytometry (described later in 

4.7.1). 

4.3 CD25 depletion 

Depletion of CD4+CD25+ T cells was performed to remove CD25+ memory T cells and 

CD25high nTregs using CD25 Microbeads II kit (Miltenyi Biotec) and LD columns.  

The enriched naïve (naivety > 60%) CD4+ cells were washed with sterile-filtered MACS buffer 

(PBS, 0.5 % bovine serum albumin (BSA), 2 mM ethylenediaminetetraacetic acid (EDTA) pH 

7.2) (1500 rpm, 10 min, +4 °C). The cells were then incubated with anti-CD25 microbeads (2 

µl of microbeads per 1 x 106 cells) for 15 min at +4 °C and then washed with MACS buffer 

(1500 rpm, 10 min, +4 °C). Up to 1 x 108 cells were resuspended in 500 µl of MACS buffer 

and added to LD column, equilibrated with MACS buffer. The LD column was then rinsed 



41 
 

twice with 2 ml of MACS buffer and all the flow through was collected into one tube. The cells 

were then washed with PBS (1500 rpm, 10 min, RT), counted on cell counter (Countess II FL, 

Life Technologies) and resuspended into X-Vivo 15 media (Lonza) for iTreg differentiation.   

4.4 Cell culture and iTreg differentiation 

Naïve CD4+CD25− T cells from single donors were activated in presence of plate-bound anti-

CD3 (500 ng/ml) and soluble anti-CD28 (500 ng/ml) in X-vivo 15 serum-free medium (Lonza) 

supplemented with L-glutamine (2 mM, Biowest), penicillin (50 U) and streptomycin (50 

μg/ml) (Penicillin - Streptomycin solution, Biowest) (X-vivo 15 media complete). For iTreg 

differentiation, the following supplements were added to the medium: IL-2 (12 ng/ml, R&D 

Systems), TGF-β (10 ng/ml, R&D Systems), all-trans retinoic acid (ATRA, 10 nM, Sigma), 

and human serum (10 %, Biowest). Control Th0 cells were stimulated with plate-bound anti-

CD3 and soluble anti-CD28 in X-vivo 15 media complete, without adding any cytokines. Both 

Th0 and iTreg cells were cultured for 24, 48 or 72 hours (h) at 37 °C in 5 % CO2. 

Differentiated iTregs were characterized at day 3 by the expression of Foxp3 protein using 

immunoblotting and intracellular staining followed by flow cytometry (described later in 

sections 3.6 and 3.7.1 respectively).  Furthermore, the functional suppressive capacity of iTregs 

was assessed as described in the following section 4.5. 

4.5 Suppression assay 

The suppressive capacity of iTreg cells was analyzed by co-culturing them for four days with 

CD4+CD25− T cells (responder cells). The responder cells were isolated from peripheral blood 

mononuclear cells obtained from Finnish Red Cross. Large responder cell patches are stored in 

-150 °C in freezing medium (90 % fetal calf serum (FCS) and 10% dimethyl sulfoxide 

(DMSO)) to reduce the variability between donors. One vial of frozen responder cells (~2 ‒ 5 

x 106 cells/vial) was thawed quickly in +37 ˚C water bath and washed with 10 ml pre-warmed 

X-vivo 15 media complete (1500 rpm, 10 min, RT). Cells were resuspended into 1 ml of PBS 

and stained with 5 μM of CellTrace™ Violet, a proliferation tracing dye (Life Technologies) 

by adding drop by drop to the cell suspension and incubated 20 min at +37 ˚C water bath. 10 

ml of RPMI + 10 % FCS was added to staining solution to quench unbound dye and incubated 

5 min on ice. Cells were centrifuged (1500 rpm, 10 min, RT), counted with Luna-FX7 (Logos 

Biosystems) and resuspended in X-vivo 15 media complete.  
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For co-cultures, a 96-well plate was coated with anti-CD3 (150 ng/well) and 5 x 104 responder 

cells were added to the coated wells. Responder cells were co-cultured with iTreg or Th0 cells 

at different ratios (responder cell : iTreg/Th0 ratio 1:1, 1:0.5, 1:0.25) in X-vivo 15 media 

complete supplemented anti-CD28 (125 ng) for four days at +37 ˚C in 5 % CO2. As a positive 

control, 1 x 105 responder cells were cultured alone under same conditions as the Th0/iTreg co-

cultures. As a negative control, 1 x 105 responder cells were cultured without any stimulation 

in X-vivo 15 complete. On fourth day of the culture, cells were washed twice with FACS I 

buffer (2 % FBS, 0.01 % natriumazide in PBS) (1900 rpm, 2 min, +4 ̊ C), resuspended in FACS 

I buffer and analyzed by BD LSRFortessa flow cytometer (BD Bioscience). Data was analyzed 

with FlowJo version 10 software. 

4.6 Western blot analyses 

Cell pellets were lysed with RIPA buffer (Thermo Fisher Scientific) supplemented with Halt 

Protease & Phosphatase inhibitor cocktail (Thermo Fisher Scientific) and sonicated (Biorubtor 

UCD-200) on ice with30 sec on / 30 sec off intervals at high frequency (20 kHz) for 7 min or 

until the cell suspension was clear. The samples were then centrifuged at 14 000 rpm for 15 

min at +4 ˚C and the supernatant was transferred to fresh Eppendorf tube. The protein 

concentration was determined from the supernatant using the Biorad DC protein assay (Bio-

Rad) and Synergy H1 hybrid reader (BioTek; 750 nm absorbance wavelength). 20 ng of protein 

was mixed with loading dye (330 mM TrisHCl pH 6.8, 33mM sodium dodecyl sulfate (SDS), 

6 % β-mercaptoethanol, 170 μM bromophenol blue, 30 % glycerol) and heated at +95 ˚C for 5 

min to denature protein.  

Protein ladder (PageRuler Plus ladder, Thermo Fisher Scientific, Cat# 26619) and samples were 

loaded on 4 -20 % gradient gel (MINI-PROTEAN TGX Precast gel, Bio-Rad) and run in 

LAEMMLI running buffer (190 mM glycine, 25 mM Tris-base, 3.4 mM SDS) at 70 V for 20 

min followed by 100 V for 2 - 3 h.  

The protein bands were then transferred from the gel onto PVDF membrane (Trans-Blot Turbo 

Mini Transfer Pack, Rio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad) at 25 V, 

1.0 A for 30 min.  

After transfer, the membrane was washed once with Tris-buffered saline with 0.1% Tween 20 

detergent (TBST) washing buffer (0.15 M NaCl, 0.05 M Tris-HCl, 0.1% Tween-20) on a rolling 

mixer and then blocked with 10 ml of blocking buffer (5 % BSA in TBST) for 1 h at RT on a 
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rolling mixer. The rat anti-human Foxp3 monoclonal antibody (Invitrogen, Cat# 14-4776-82), 

diluted in 1 : 1000 in blocking buffer, was then added to the membrane and incubated overnight 

at +4 ˚C on a rolling mixer. After incubation, the membrane was washed four times with TBST 

and the secondary antibody, horseradish peroxidase (HRP)-conjugated polyclonal chicken anti-

rat IgG (Novex, Cat# A18733), diluted 1 : 5000 in blocking buffer, was added and incubated 

for 1 h at RT on a rolling mixer, followed by four washing steps with TBST.  

The membranes were developed with SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Thermo Fisher Scientific) and visualized on Super RX film (FujiFilm) with 10 sec - 

1 min exposure time. The films were developed with X-Ray film processor Curie 60 (AGFA 

Healthcare).  

After the visualization, the housekeeping gene β-actin was used as a loading control. The 

membrane was incubated in Stripping buffer (25mM Glycine, 1% SDS; 3 min), washed with 

TBST and incubated with monoclonal anti-β-actin primary antibody (Sigma, Cat# A5441), 

diluted 1 : 7000 in blocking buffer, for 1 h at RT. After incubation the membrane was washed 

twice with TBST and the secondary antibody m-IgGκ BP conjugated to HRP (Santa Cruz 

Biotechnol, Cat# SC-516102), diluted 1 : 7000 in blocking buffer, was added for 30 min and 

then washed with TBST and developed as described above.  

An ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA) was used 

to determine the intensities of individual protein bands.  

4.7 Flow cytometry analyses 

4.7.1 Naivety staining 

The proportion of naive T cells from the isolated CD4+ cells for each individual donor was 

determined by the expression of CD45RO (memory marker) and CD45RA (naïve marker) using 

flow cytometer. Around 1x105 cells were taken from each donor, washed (1900 rpm, 2 min, +4 

˚C) once with FACS I buffer and stained with PE-conjugated CD45RO (BD Bioscience, Cat# 

348967), diluted in 1 : 100 in FACS I buffer, or fluorescein isothiocyanate (FITC) -conjugated 

CD45RA (BD Pharmingen, Cat# 555488), diluted in 1 : 100 in FACS I buffer, for 15 min in 

dark at +4˚C. Then the cells were washed twice with FACS I buffer and resuspended into 150 

μl of FACS I buffer for the flow cytometer (LSRFortessa, BD Bioscience) run. The data was 

analysed using the FlowJo version 10 software (Tree Star, Ashland, OR, USA).  
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4.7.2 Intracellular Foxp3 staining 

At day 3, approximately 100 000 cells from each Th0 and iTreg culture were transferred into a 

96-well U-bottom plate, washed twice (1900 rpm, 2 min, +4 °C) in cold FACS I buffer. Cells 

were then resuspended in Fixation/Permeabilization working solution 

(Fixation/Permeabilization Concentrate (eBioscience, Cat# 00-5123-43): 

Fixation/Permeabilization Diluent (eBioscience, Cat# 00-5223-56), 1 : 4) and incubated for 30 

min (+4 °C, dark). After incubation the cells were washed once (1900 rpm, 2 min, +4 °C) in 1x 

Permeabilization buffer (eBioscience, Cat# 00-8333-56) and stained with PE conjugated anti-

human Foxp3 antibody (eBioscience, Cat# 12-4776-42) or with PE rat IgG2ak (BD 

Pharmingen, Cat# 12-4321-42) isotype control, both diluted in 1 : 50 in Permeabilization buffer, 

and incubated for 30 min (+4 °C, dark). Then cells were washed twice in 1x Permeabilization 

buffer (1900 rpm, 2 min, +4 °C) and resuspended in FACS I buffer for flow cytometer 

(LSRFortessa, BD Biosciences) analysis. Data analysis was performed using FlowJo version 

10 software and GraphPad Prism (GraphPad Software, Inc) for statistical analyses. 

4.8 Mass cytometer 

4.8.1 Antibody labeling  

Antibodies used in this study were labeled with either lanthanide or cadmium metals. Cadmium 

conjugated antibodies were labeled in-house already before I joined the group of Prof Lahesmaa 

using the Maxpar MCP9 Antibody Labeling Kit (Fluidigim) according to the manufacturer’s 

protocol. The antibody labeling with lanthanide metals was done using The Maxpar X8 

Antibody Labeling Kit (Fluidigim) according to the manufacturer’s protocol. 

In brief, the antibody labeling procedure using lanthanide metals contained the following steps. 

The polymer was preloaded with lanthanide (Ln) by resuspending a single-use X8 polymer into 

L-Buffer and 50 mM Ln metal solution was added to the suspension and incubated for 40 min 

at +37 °C water bath. The antibody was then washed by adding stock antibody to the 50 kDa 

filter and adjusting the volume in the filter to 400 μl with R-Buffer followed by centrifugation 

at 12,000 × g for 10 min at RT. After incubation, the polymer was loaded to a 3 kDa filter unit 

with L-Buffer, mixed and centrifuged at 12,000 × g for 25 min at RT. During the polymer 

centrifugation the antibody was partially reduced by the 4 mM TCEP (Tris(2-

carboxyethyl)phosphine hydrochloride, MilliporeSigma) solution to the antibody and incubated 

at +37 °C water bath for 30 min. The polymer was washed again with C­Buffer (12,000 × g, 30 
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min, RT). At the same time the partially reduced antibody was purified by adding C-Buffer to 

filter and centrifuged (12,000 × g, 10 min, RT) twice. Afterwards, the partially reduced antibody 

was conjugated with the lanthanide-loaded polymer by resuspending the Ln-loaded polymer in 

C-Buffer which was then transferred to the antibody in the 50 kDa filter and incubated for 90 

min at +37 °C water bath. After incubation, the metal-conjugated antibody was washed with 

W-Buffer and centrifuged at 12,000 × g for 10 min. The wash was repeated for four times.  

After washing, the antibody yield was determined using a NanoDrop 2000 (Thermo Fisher 

Scientific) spectrophotometer and the product was centrifuged at 12,000 × g for 10 min to 

remove the W-Buffer. The conjugated antibody concentration was diluted to 0.5 mg/ml with 

Antibody Stabilizer PBS (Boca Scientific) supplemented with 0.05 % (w/v) sodium azide 

(MilliporeSigma). The conjugated antibody was then collected to Protein LoBind tube 

(Eppendorf) and stored at +4 °C.  

The labeled antibodies and metals used in the labeling are presented in the table 1. More info 

about antibodies is shown in Appendix 1. 

Table 1. Labeled antibodies and metal isotopes used in labeling. CD278, CD15s and CD39 were 
labeled with cadmium isotopes 111, 113 and 116. Antibodies CD152, CD45RO, CD73, CD30 and 
CD120b were labeled with lanthanides 142 Nd, 145 Nd, 168 Er, 148 Nd and 154 Sm respectively. 

Metal Antibody 

111 Cd CD278 (ICOS) 

113 Cd CD15s 

116 Cd CD39 

142 Nd CD152 (CTLA-4) 

145 Nd CD45RO 

168 Er CD73 

154 Sm CD120b (TNFR2) 

 

4.8.2 Cell antigen stainings 

The Maxpar® Nuclear Antigen Staining with Fresh Fix -protocol (Fluidigim) was used for the 

cell staining and complemented with Cell-ID™ Cisplatin -protocol (Fluidigim) to detect viable 

cells.  

The cell staining consists of six main steps and was performed according to the manufacturing 

protocol. In brief, the first step includes thawing and counting the cells. Cells stored at −180 ˚C 

were thawed quickly in a +37 ˚C water bath, washed with pre-warmed RPMI 1640 media 
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(BioWest) twice (1800 rpm, 10 min, RT) and counted with the cell counter. In the second step 

the cells were resuspended to 1 x 107 cells/ml in RPMI and stained with 5 µM cisplatin for 5 

min in RT. The staining was quenched with Maxpar® cell staining buffer (CSB, Fluidigim) 

using 5X the volume of the staining and then centrifuged (300 x g, 5 min, RT). In the third step, 

the cells were resuspended to 2 – 6 x 107 cells/ml in CSB and stained with the surface antibodies 

according to right concentrations, incubated for total of 30 min with midpoint vortexing and 

then washed with CSB (300 x g, 5 min, RT). In the fourth step the cells were incubated for 30 

min with Nuclear Antigen Staining Buffer, washed twice (800 x g, 5 min, RT) with Nuclear 

Antigen Staining Perm, stained with nuclear antigen antibodies for 45 min in RT and washed 

with Maxpar Nuclear Antigen Staining Perm twice (800 x g, 5 min, RT). In the fifth step the 

cells were fixed with a fresh 1.6 % formaldehyde solution (1 part 16 % formaldehyde (Thermo 

Fisher Scientific), 9 parts Maxpar PBS) for 10 minutes at RT and centrifuged (800 x g, 5 min, 

RT). In the sixth step the cells were stained with 125 nM Cell-ID Intercalator-Ir in Maxpar Fix 

and Perm Buffer for overnight at +4 ˚C. The samples were stored at -80 ˚C in the Intercalator 

staining solution until the time of mass cytometry analysis.  

To prevent batch-to-batch variability in the antibody concentrations, a master mix of all 

antibodies was prepared, aliquoted and frozen. The full list of antibodies used in this study is 

shown in Appendix 1. 

4.8.3 Antibody titrations  

To find the optimal antibody concentration for cell staining, cells were incubated with four 

different antibody dilutions including 1:50, 1:100, 1:200 and 1:400. For few antibodies an 

additional dilution (1:800) was used. 

4.8.4 Mass cytometry sample acquisition  

To remove the intercalation solution, cells were centrifuged (800 x g, 5 min, RT) and washed 

with CSB (800 x g, 5 min, RT). Then the cells were resuspended in Maxpar Cell Acquisition 

Solution (CAS), centrifuged (800 x g, 5 min, RT), re-suspend in CAS and filtered into cell 

strainer cap tubes. Just prior to data acquisition, 0.1X EQ beads (1 part beads to 9 parts cell 

suspension) were added to cells. Then the tube was loaded to the mass cytometer and data was 

acquired.  
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Around 100,000 cells were collected from each sample during the mass cytometry run. In the 

data cleaning process, some cells were naturally lost and for the final analysis around 70% of 

the cells were included.  

The mass cytometry data was analysed using the FCS Express 7 software (De Novo Software, 

USA). Prior to the analysis, the dataset was cleaned by gating out beads, dead cells, and duplets 

and triplets (figure 10). Live singlet cells were used to determine the percentage of expression 

and the mean fluorescence intensity (MFI) value for each cell marker. Marker MFI values less 

than 10 were considered as negative expression.  

 

Figure 10. Data cleaning process. In the first step the beads were gated out and those non-beads 
were used for the second gating of live cells. From live cells, singlet cells were gated and used for the 
markers’ expression analysis. In all gatings time was on x-axis. To get rid of beads, the 140Ce was on 
y-axis, to detect live cells y-axis was 195Pt-cisplatin and in singlets gating 191Ir was set to y-axis. Gating 
process is presented from one representative replicate. 

 

4.9 Statistical analyses and data handling 

Statistical analyses and figure creations were performed using GraphPad Prism-software 

(GraphPad Software, San Diego, California, USA).  

The statistical significance was tested using paired two-tailed T-test. Statistical significance 

was concluded when a probability value (p value) was lower than 0.05, *p < 0.05, **p < 0.01, 

***p < 0.001. 
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Abbreviations 

APC   Antigen presenting cell 

AMP   Adenosine monophosphate 

CCR   C-C motif chemokine receptor 

CD   Cluster of differentiation 

CNS   Conserver non-coding sequence 

CSB   Cell staining buffer 

CTLA-4  Cytotoxic T-lymphocyte associated protein 4 

CXCR   C-X-C motif chemokine receptor 

DC   Dendritic cell 

Foxp3   Forkhead box protein 3 

FBS   Fetal bovine serum 

GITR    Glucocorticoid-induced TNFR-related protein 

h   Hour 

ICOS   Inducible T-cell co-stimulator 

IDO   Indoleamine 2,3-dioxygenase 

IL   Interleukin 

IPEX   Immunodysregulation polyendocrinopathy enteropathy X-linked 

iTreg   Induced regulatory T cell 

LAG-3   Lymphocyte-activation gene 3 

MFI   Mean fluorescence intensity 

MHC    Major histocompatibility complex 

NK    Natural killer  
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PBS   Phosphate Buffer Saline 

PD-1   Programmed cell death 1 

pTreg   Peripheral regulatory T cell 

rpm   Revolutions per minute 

RT   Room temperature 

SD   Standard deviation 

SDS   Sodium dodecyl sulphate 

TBST   Tris-buffered saline with 0.1% Tween 20 detergent 

TCR   T cell receptor 

TGF-β   Transforming growth factor β 

Th   T helper  

Th0   Activated T cell (without cytokines) 

TIGIT   T cell immunoreceptor with Ig and ITIM domains 

TIM-3   T cell immunoglobulin and mucin domain-containing protein 3 

TNF(R)  Tumor necrosis factor (receptor) 

TNFRSF  Tumor necrosis factor receptor superfamily 

Treg   Regulatory T cell 

tTreg   Thymic regulatory T cell 
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Appendices 

Appendix 1. List of antibodies used in mass cytometry  

Full list of used antibodies, clones, catalog numbers, metal conjugates and the antibody providers for 
the study. 

Metal 

conjugate 
Antibody Antibody clone Company Catalog 

111Cd CD278 (ICOS) C398.4A BioLegend 313502 

113Cd CD15s CSLEX1 BD Biosciences 551344 

116Cd CD39 A1 BioLegend 328221 

142Nd CD152 (CTLA-4) 14D3 Invitrogen 14-1529-82 

143Nd HLA-DR L243 Fluidigim 3143013B 

145Nd CD45RO UCHL1 BioLegend 304239 

149Sm CD25 (IL-2Rα) 2A3 Fluidigim 3149010B 

150Nd CD134 (TNFRSF4) ACT35 Fluidigim 3150023B 

151Eu CD103 (ITGAE) Ber-ACT8 Fluidigim 3151011B 

154Sm CD120b (TNFR2) 3G7A02 BioLegend 358402 

155Gd CD27 L128 Fluidigim 3155001B 

158Gd CD194 (CCR4) L291H4 Fluidigim 3158032A 

159Tb TIGIT MBSA43 Fluidigim 3159038B 

160Gd CD28 CD28.2 Fluidigim 3160003B 

162Dy Foxp3 PCH101 Fluidigim 3162011A 

163Dy CD183 (CXCR3) G025H7 Fluidigim 3163004B 

167Er CD197 (CCR7) G043H7 Fluidigim 3167009A 

168Er CD73 AD2 BioLegend 344002 

169Tm CD366 (TIM-3) F38-2E2 Fluidigim 3169028B 

172Yb CD38 HIT2 Fluidigim 3172007B 

173Yb CD184 (CXCR4) 12G5 Fluidigim 3173001B 

176Yb CD127 (IL-7Rα) A019D5 Fluidigim 3176004B 

209Bi CD137 (TNFRSF9) 4B4-1 Fluidigim 3209015B 

165Ho CD223 (LAG-3) 11C3C65 Fluidigim 3165037B 

175Lu CD279 (PD-1) EH12.2H7 Fluidigim 3175008B 
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