
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


Interactions of TGFβ and FoxP3 in 
human T lymphocytes  

 

Ashly James Sargent 
 
 
 
 
 
 
 
 
 
 
 
 

Supervised by:  
 

Professor Rod Dunbar and Doctor Saem Park 
 

 

 

A thesis submitted for fulfilment of the degree of Master of Biological 
Sciences, School of Biological Sciences, The University of Auckland, 2020



 

Abstract 
 

TGFβ is a signalling molecule with a myriad of effects in the normal physiology of immune 

regulation. TGFβ is widely implicated in the suppression of T lymphocyte effector function. 

Therefore, the high concentrations of TGFβ characteristic of the tumour microenvironment 

are frequently involved in the failure of immunotherapeutic treatments. 

Recently within the host lab, a tumour associated myeloid population has been identified with 

an increased ability to produce TGFβ. We sought to develop methods for the in vitro 

characterisation of TGFβ effects on T lymphocytes to better characterise the effects this 

population is likely mediating. We also set out to establish the expression of TGFβ receptor 

molecules on healthy human immune cell subsets. 

We found that in the absence of CD28 co-stimulation, TGFβ inhibits various T lymphocyte 

functions in vitro to varying extents. We found that TGFβ potently reduced T lymphocyte 

expression of perforin, granzyme B and IFN-γ while modestly impairing proliferation and 

caused increased expression of PD-1 in the absence of CD28 co-stimulation. We concluded 

from these results that the most efficient way of measuring the effects of TGFβ on T 

lymphocytes in vitro should be conducted in the absence of CD28 co-stimulation.  

These experimental protocols also allowed us to examine FoxP3 induced upon activation.  

We demonstrated that FoxP3 expression in human T lymphocytes is induced potently when 

activated in the presence of IL-2 but only minimally in the absence of IL-2. We also found 

that FoxP3 expression within activated human T lymphocytes correlates positively with the 

induction of BLIMP1 which correlated positively with IL-10 production. IL-10 caused 

resting T lymphocytes to upregulate TGFβRII.   

FoxP3 expression also correlated with expression of the TGFβ presenting protein LRRC32 in 

activated CD4+ T lymphocytes. However, in activated CD8+ T lymphocytes LRRC32 

expression is independent of FoxP3. Therefore, human T lymphocyte activation can induce 

FoxP3 and BLIMP1, and can modulate TGFβ signalling via IL-10 inducing TGFβRII and 

induction of LRRC32 



Finally, using a novel high-dimensional flow cytometry panel, we found that in healthy 

human PBMC the naïve CD8+ T lymphocyte population expresses higher levels of TGFβRII 

relative to other T lymphocyte populations. 

Collectively these findings aid our understanding of both the role of TGFβ and the 

transcription factors FoxP3 and BLIMP1 in human T lymphocyte biology. Additionally, we 

hope that these data may aid future studies in understanding the role of TGFβ for potential 

therapeutic interventions. 
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Chapter 1  Introduction 
 

1.1 Barriers in immunotherapy 
 

Cancer is a hugely burdensome disease upon modern society and is one of the leading causes 

of death in the developed world. Worldwide, the cancer burden is quite high with estimates of 

one in five men and one in six women likely to develop some form of cancer throughout their 

lifetime (International Agency for Research on Cancer (IARC), 2018).  The mortality rate of 

cancer is also quite high with one in eight men and one in eleven women predicted to die 

from cancer or related comorbidities such as autoimmune conditions (Q. Ma et al., 2018). 

The development of most cancers can be attributable to several risk factors such as obesity, 

sun exposure, smoking and a multitude of other implicated causes (Colditz & Wei, 2012). 

Despite the myriad of potential drivers of oncogenesis in the environment, however, roughly 

a third of all cancers arise from simple random copy errors in DNA during cellular replication 

(Tomasetti, Li, & Vogelstein, 2017). 

A promising treatment for various cancers is the development of immunotherapeutics. These 

are various treatments developed to stimulate the immune response against cancerous cells 

while not targeting non-transformed cells. The most clinically successful immunotherapies to 

date are checkpoint inhibitor antibodies such as Ipilumimab (Anti-CTLA4) and Nivolumab 

(Anti-PD1) which work to inhibit T lymphocyte exhaustion and aid the ability of a tumour 

reactive T lymphocyte to continue to induce tumour lysis (Ishida, Agata, Shibahara, & Honjo, 

1992; Krummel & Allison, 1995).  

These immunotherapeutic treatments are highly effective in many cases clinically (Gandhi et 

al., 2018; Schmid et al., 2020; Stevanović et al., 2015). However, in some cases, the patient 

receiving these treatments will exhibit a reduced response to said treatments for various 

reasons. This could be due to a lack of lymphocytes infiltrating into the tumour mass 

(Uryvaev, Passhak, Hershkovits, Sabo, & Bar-Sela, 2018), active exclusion of lymphocytes 

by tumour stroma (Mariathasan et al., 2018; Tauriello et al., 2018) or immunosuppressive 

effects exerted by other T cell inhibitory molecules such as transforming growth factor-beta 

(TGFβ) and Interleukin 10 (IL-10) (Kuhn et al., 2018; Mariathasan et al., 2018; Wahl et al., 

1988). TGFβ is a particularly potent cytokine with regards to its immunosuppressive 

capabilities. TGFβ exhibits a highly pleiotropic effect dependent on contextual cues but with 

regards to the immune system is primarily immunosuppressive (covered in more detail 
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below). Within the host laboratory, a myeloid cell type that strongly expresses TGFβ has 

recently been identified within human melanomas (unpublished data from recently submitted 

PhD). Further investigation of the potential effects mediated by this cell type in suppressing 

immune responses requires accurate in vitro assays to assess the effects TGFβ can mediate on 

T lymphocyte function in vivo. 

There are conflicting reports on the effects exerted on T lymphocytes by TGFβ, particularly 

regarding the effects of CD28 co-stimulation. This thesis set out to examine the effects of 

TGFβ on aspects of human T lymphocyte function in vitro. 

 

1.2 TGFβ function 

 

The transforming growth factor (TGF) superfamily was first identified in 1981 (Roberts, 

Anzano, Lamb, Smith, & Sporn, 1981) as a growth factor superfamily that induced neoplastic 

growth which was responsible for the naming of the molecule. TGFβI was discovered a few 

years later in 1983 (Assoians, Komoriya, Meyers, Miller, & Sporn, 1983) in platelets and was 

originally thought to be involved in wound healing due to its proliferative effect on 

fibroblasts (Xia Chen & Thibeault, 2012). Within the TGF superfamily resides the TGFβ 

subfamily. The current understanding is that the TGFβ subfamily has 3 mammalian members, 

TGFβI, TGFβII and TGFβIII. TGFβI (henceforth referred to in this thesis as simply TGFβ 

unless otherwise stated) is a cytokine that exhibits a myriad of functions that has been 

implicated in cancer progression through inducing metastasis (Vázquez et al., 2013; H.-X. 

Wang, Sharma, Knoblich, Granter, & Hemler, 2015), inducing angiogenesis (Nakagawa et 

al., 2004) and contributing to immunosuppression in the tumour microenvironment (Scurr et 

al., 2014; Shi et al., 2011; M. Strainic, Shevach, An, Lin, & Medof, 2013). In healthy 

patients, serum TGFβ levels rarely exceed 5 ng/mL. However, in patients with malignant 

transformations, serum TGFβ levels have been demonstrated ranging from 5ng/mL to greater 

than 20ng/mL (Dong & Blobe, 2006). The highest circulating levels of serum TGFβ 

described for malignant patients was observed in liver metastases with levels up to 46ng/mL 

described (Narai et al., 2002). 

The TGFβ subfamily of proteins is synthesized in complex with a pro-peptide known as the 

latency-associated peptide (LAP) which is produced as a homodimeric complex with 

components LAPA and LAPB. The LAPA/LAPB homodimer is typically transcribed with a 
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latent TGFβ binding protein (LTBP), which is a blanket term for a family of carrier proteins 

for latent TGFβ that often facilitate retention of TGFβ on the cell surface via binding to the 

extracellular matrix (Unsöld, Hyytiäinen, Bruckner-Tuderman, & Keski-Oja, 2001).  TGFβ is 

produced from activated CD4+ and CD8+ T lymphocytes (Donkor, Sarkar, & Li, 2012; Jiang 

et al., 2009). However, the mechanisms involved in secretion of TGFβ, particularly from 

CD8+ T lymphocytes, are incompletely understood. A recently characterised interaction has 

been shown wherein the TGFβ-LAPA/LAPB complex is associated with leucine-rich repeat-

containing 32 or LRRC32 (also known as Glycoproteins A Repetitions Predominant or 

GARP). In this complex, the LAP molecule is covalently linked to LRRC32 by two disulfide 

linkages between Cys33 in LAPA and Cys211 in LRRC32, and between Cys33 in LAPB and 

Cys350 in LRRC32 (Liénart et al., 2018). When TGFβ is associated with LRRC32 the active 

cytokine requires the interaction of LRRC32 with either integrin αvβ6 or αvβ8 on an adjacent 

cell to either release from the LRRC32/LAP complex (as shown below in figure 1.1) or 

induce activation via conformational shift respectively (Campbell et al., 2020). TGFβ 

association with LRRC32 has been demonstrated to be necessary for cell surface presentation 

of TGFβ in activated regulatory T lymphocytes (Tran et al., 2009). As CD8+ T lymphocytes 

have documented ability to secrete active TGFβ (Garba, Pilcher, Bingham, Eron, & Frelinger, 

2002) it is of interest to examine whether CD8+ T lymphocytes can produce active TGFβ via 

release from LRRC32 in a comparable manner.  
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Figure 1.1 Differences between TGFβ in complex with the LAP and LRRC32. 

In contrast with the LTBP, LRRC32 has a transmembrane and cytoplasmic domain instead of 

binding directly to the extracellular matrix. This cytoplasmic domain allows the LRRC32 

protein to exert the “pulling” mechanism characteristic of release via integrin αVβ6 or 

activation via integrin αVβ8. This method of TGFβ activation from the LAP is not exhibited 

by free LAP or the LTBP. 

 

1.3 Leucine rich repeat containing 32 (LRRC32)/ Glycoprotein A repetitions 

predominant (GARP) 

 

LRRC32 was first demonstrated to be upregulated on regulatory T cells (Tregs) following T 

cell receptor (TCR) stimulation (R. Wang, Wan, Kozhaya, Fujii, & Unutmaz, 2008). Leading 

on from the discovery of LRRC32 on activated Tregs it was found that LRRC32 is integral in 

the cell surface presentation of TGFβ (Tran et al., 2009). Since the discovery of LRRC32 it 

has been found to be expressed on activated FoxP3+ T lymphocytes, megakaryocytes, 

platelets and activated B lymphocytes (Wallace, Wu, Salem, Ansa-Addo, et al., 2018). It has 

been hypothesised that LRRC32 may have a response to T lymphocyte activation 

independently of FoxP3 based on the observation that the Lrrc32 gene has a putative NF-κB 
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binding region at its promoter (Haupt, Söntgerath, Leipe, Schulze-Koops, & Skapenko, 

2016). 

However, the literature consensus regarding LRRC32 in T lymphocytes is that only activated 

CD4+ FoxP3+ T lymphocytes will express LRRC32. In most of these studies, the researchers 

examined only the CD4+ CD25high T lymphocyte population, often using CD4+ CD25low/neg T 

lymphocytes as comparison whilst excluding CD8+ T lymphocytes. Additionally, most 

functional studies on LRRC32 in T lymphocytes to date are carried out in murine models 

which can frequently exhibit different phenotypes with regards to FoxP3+ T lymphocytes 

than typically observed in human T lymphocytes (Rodríguez-Perea, Arcia, Rueda, & Velilla, 

2016).  

Moreover, TGFβ produced from activated T lymphocytes is at least partially dependant on 

cell-cell contact to mediate suppressive functions, suggesting a potential role for LRRC32 

with αVβ8 or αVβ6 integrin interactions in mediating immunosuppressive function in Tregs 

(Nakamura, Kitani, & Strober, 2001). Interestingly, a recent study has shown expression of 

LRRC32 on tumour cells as well as showing that Tregs (defined as CD4+, CD25high, 

CD127low) exhibited both intracellular and intranuclear localisation of LRRC32 (Zimmer et 

al., 2019). While this finding has yet to be replicated, it is interesting to hypothesise that 

LRRC32 may be retained intracellularly and trafficked to the cell surface when required. 

 

 

 

Due to the role of LRRC32 in TGFβ release from the LAP, substantial interest in LRRC32 

has been generated within the field of immunology due to the potential for therapeutics 

targeting LRRC32 to potentially inhibit TGFβ production within the tumour 

microenvironment. LRRC32 has been shown to promote the accumulation of Tregs within 

the colon in colorectal cancer patients and is typically associated with poorer patient 

prognosis (Metelli et al., 2018; Salem et al., 2019). Past studies have shown in murine models 

that transfusion of regulatory T lymphocytes (Tregs) can be therapeutic in the treatment of 

graft vs host disease (Hannon et al., 2014). Interestingly, trials of monoclonal antibodies 

against LRRC32 abrogate the therapeutic effect of Treg transfusion in a murine model of 

graft vs host disease (Cuende et al., 2015). This observation suggests that LRRC32 is integral 

in the suppressive function of Tregs.  As such, anti-LRRC32 monoclonal antibodies are being 

investigated as potential therapeutics for human cancer patients though no clinical trials 
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involving anti-LRRC32 therapeutics are currently underway at the time of completion of this 

thesis. 

 

As LRRC32 is synthesised covalently linked to the LAP on the cell surface associated with 

the TGFβ, the mature TGFβ molecule must be either released from the LAP or 

conformationally remodelled to present the active peptide to be physiologically active. 

Release of TGFβ from the LAP must be a tightly controlled process due to the potential 

oncogenic roles of TGFβ, one of the key mechanisms of activation of TGFβ from LRRC32 is 

via the action of integrins αVβ8 and αVβ6. 

 

Integrins αVβ6 and αVβ8 

 

Activation of TGFβ from LRRC32 is frequently mediated by integrin αVβ8 or αVβ6. Integrin 

αVβ6 binds an RGD amino acid motif on the LAP covalently liked to LRRC32 and via 

mechanistic shear forces exerted by movement of the αVβ6+ cell, distorts the structure of 

LRRC32 to release the active TGFβ molecule as shown below in figure 1.2 (Annes, Chen, 

Munger, & Rifkin, 2004; Buscemi et al., 2011; R. Wang et al., 2012). Integrin αVβ6 is 

expressed exclusively on epithelial cells (Bandyopadhyay & Raghavan, 2009) and is highly 

upregulated in melanoma cells (Marsh et al., 2008). 

 

Integrin αVβ8 possesses a comparable RGD binding motif  to integrin αVβ6 but does not 

possess the ability to release TGFβ through shear forces due to the lack of an actin-binding 

portion on its cytoplasmic domain (Mu et al., 2002). Interestingly, Tregs are the only 

documented T lymphocyte subset in vivo capable of expressing αvβ8 integrin (Edwards, 

Thornton, & Shevach, 2014; Worthington et al., 2015) and inhibition of αVβ8 integrin on 

Tregs abolishes their ability to induce pSMAD2 (discussed in more detail below) in culture 

(Stockis et al., 2017). This result was shown as a reduction in total pSMAD2 in these culture 

conditions and therefore could be indicative of an autocrine effect. Other cell types in vivo 

have documented ability to express αVβ8 integrin such as dendritic cells and some tumour 

cells (Boucard-Jourdin et al., 2016; Takasaka et al., 2018)  

As shear forces are not the predominant mechanism of activation of TGFβ from LRRC32 

with regards to αVβ8 integrin there is some debate about the mechanism of action of αVβ8 

integrin. One hypothesis is that matrix metalloprotease 14 (MMP14 or MT1-MMP) aids 
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activation of TGFβ when in proximity with αVβ8 integrin. This theory is, however, a matter 

of some contention due to the observation that MMP inhibitors completely remove the ability 

of αVβ8 integrin to release active TGFβ in some studies (Mu et al., 2002). While in other 

studies MMP inhibitors exhibit no effect with regards to TGFβ release (Stockis et al., 2017). 

A recent study has shown that release of the active TGFβ peptide from LRRC32 may not be 

necessary for its function and that LRRC32 in complex with αVβ8 integrin may be able to 

signal in an autocrine manner to the LRRC32 positive cell (Campbell et al., 2020). 

Due to the role of αVβ8 integrin in the induction of active TGFβ within the tumour 

microenvironment, inhibition of αVβ8 integrin is emerging as a promising target for 

immunotherapy in conjunction with anti-PD-1  therapies as demonstrated in murine models 

(Takasaka et al., 2018). As with many antibody targets in cancer therapies, there is, notably, 

deleterious effects from inhibition of αVβ8 integrin such as inflammatory bowel disease and 

colitis (Travis et al., 2007) associated with Treg inhibition that needs to be taken into 

consideration. Additionally, αVβ8 integrin is expressed in other tissue types such as 

hepatocytes (Greenhalgh et al., 2019) so downstream and off-target effects may be present in 

other organs. 
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Figure 1.2 Interaction between a cancerous epithelial cell and Treg releasing active 
TGFß from LRRC32 

A diagrammatic representation of shear forces mediated via integrin αvβ6 present on a 

cancerous cell of epithelial origin involved in the release of active TGFβ from LRRC32 

present on an activated Treg cell 
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1.4 TGFβ signalling 

SMAD pathway 

 

There is a total of thirteen receptors for the entire TGFβ superfamily, seven type I receptors, 

five type II receptors, and one type III receptor. 

The type one receptors of the TGFβ family are named ALK1-7, or activin receptor-like 

kinase 1-7. However, only three of these type I receptors have been frequently implicated in 

TGFβ signalling. These are ALK1 (ACVRL1), ALK2 (ACVR1) and ALK5 (TGFβRI). Only 

one of the type II receptors has been implicated directly in TGFβ subfamily signalling which 

is TGFβRII. Lastly, there are two type III TGFβ receptors, beta-glycan (commonly known as 

TGFβRIII) and endoglin (CD105). While some studies have examined the expression of 

TGFβ receptor molecules on particular cell types (Tu et al., 2018), the expression of various 

TGFβ receptor molecules in whole human PBMC has not been characterised.  

ALK1 is interesting for the study of TGFβ in PBMC as ALK1 expression is typically 

characterised as endothelial (Scharpfenecker et al., 2007), however, expression of ALK1 is 

seen on lymphocytes in the case of anaplastic large cell lymphoma (ALCL) (Pittaluga et al., 

1997). 

The SMAD (Mothers Against Decapentaplegic homologue) proteins are signal transducers 

for the TGFβ superfamily of proteins and have two major conserved domains, the MH1 and 

MH2 domains at the carboxy terminus. The MH2 domain is involved in the recruitment of 

other SMAD proteins and binding of co-activators or co-repressors. The MH1 domain is 

DNA binding subunit (Grishin, 2001) and is not present in SMAD2 hence the lack of 

transcription factor activity seen in pSMAD2. 

Canonically, one of the three TGFβ subfamily molecules will associate with TGFβRII and 

cause the formation of a tetrameric complex with either the TGFβRIII or ALK5 molecules. 

The tetrameric complex induces phosphorylation of SMAD2 and SMAD3 at their respective 

C terminal serine residues. When ALK1 and/or ALK2 associate with TGFβRII following 

ligand binding the ALK1 and ALK2 receptors antagonise the signal and no downstream 

phosphorylation of SMAD2/3 is observed. Instead, binding of ALK1 or ALK2 to TGFβRII is 

associated with phosphorylation of SMAD1, SMAD5 or SMAD8. Upon ALK5 or TGFβRIII 

association with TGFβRII, SMAD2 or SMAD3 are phosphorylated, releasing them from 

anchoring protein SARA, the phosphorylated SMAD protein then forms a complex with 

SMAD4 which induces nuclear translocation (Nakao et al., 1997). SMAD2 and SMAD3 are 
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highly homologous and the main difference between these proteins is that the 

SMAD3/SMAD4 complex can bind DNA directly whereas the SMAD2/SMAD4 complex 

cannot and is thought to act indirectly on transcription by affecting other DNA binding 

proteins intranuclearly and acting on histones to incur epigenetic modifications (Dennler, 

Huet, & Gauthier, 1999; Ross et al., 2006). Alternatively, SMAD7 can bind pSMAD2/3 

intracellularly, when this occurs, SMAD7 acts as a linker protein for recruitment of Smurf2 

(an E3 protein ubiquitinase) which ubiquitinates SMAD2/3 and targets the complex for 

degradation (Zhang, Chang, Gehling, Hemmati-Brivanlou, & Derynck, 2001). SMAD7 can 

be induced by protein kinase C theta (PKCθ) upon CD28 stimulation (Giroux, Delisle, 

O’Brien, Hébert, & Perreault, 2010; Isakov & Altman, 2012) suggesting that CD28 

stimulation may be able to antagonise TGFβ signalling.   

TGFβRII exhibits constitutive kinase activity without binding the TGFβ ligand. However, 

TGFβRII will only recruit other TGFβ receptor molecules such as TGFβRI when bound to 

the TGFβ ligand (Wrana, Attisano, Wieser, Ventura, & Massagué, 1994). 

Advances in more recent years have elucidated a plethora of pathways that TGFβ signals 

through aside from the canonical SMAD pathway detailed above, including MAPK (Galliher 

& Schiemann, 2007), AKT (Hamidi et al., 2017), Rho/ROCK (Lin et al., 2018) and 

Jak/STAT (Dees et al., 2012) some of these pathways are illustrated below in figure 1.3. 

There are likely many other intracellular signalling pathways that may remain to be 

elucidated for potential future studies. 
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Figure 1.3 A diagrammatic representation of some of the signalling pathways induced 
by TGFß 
Figure modified from Vander Ark, Cao & Li., 2018 showing less non-canonical pathways 

than the original figure. Canonical SMAD pathway shown coloured on the left while non-

canonical signalling pathways are shown in black on the right. Not shown here is the 

SMAD1/5 pathway described above. 

 

1.5 Immunosuppressive effect of TGFβ on T lymphocytes  

 

TGFβ is involved physiologically in immune tolerance as demonstrated by the rapid 

development of multifocal inflammatory disease seen in TGFβ null mice (Kulkarni & 

Karlsson, 1993). The TGFβ null mice exhibited high levels of neutrophil proliferation and 

infiltration that appeared similar in phenotype to various autoimmune disorders. The 

development of this was invariably fatal.  

TGFβ has been known to be an immunosuppressive molecule for many years (Wahl et al., 

1988) although the effects of TGFβ on different cell types are highly varied. With regards to 

T lymphocytes, previous studies have demonstrated that TGFβ exerts an inhibitory effect on 
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the proliferation and activation of both CD8+ and CD4+ T lymphocytes in an antigen-

specific context (Tiemessen et al., 2003). 

In many studies, CD28 co-stimulation upon T lymphocyte activation has been shown to 

inhibit the suppression of proliferation mediated by TGFβ (S. Fu et al., 2004; 

Gunnlaugsdottir, Maggadottir, & Ludviksson, 2005; Koehler, Kofler, Hombach, & Abken, 

2007; Sung, Lin, & Gorham, 2003). However, in other studies, TGFβ continues to possess 

the capacity to inhibit proliferation of T lymphocytes in the presence of CD28 co-stimulation 

(Delisle et al., 2013; Giroux et al., 2011; McKarns & Kaminski, 2000; McKarns & Schwartz, 

2005). The lack of consensus within the literature impacts understanding of the mechanisms 

by which TGFβ acts upon T lymphocytes, particularly in the context of antigen presentation 

and CD28 co-stimulation. 

Another notable effect of TGFβ on T lymphocyte effector function that is impaired in the 

context of many cancers, is the ability of a T lymphocyte to produce various cytokines. The 

most commonly documented cytokine that is affected by TGFβ in the tumour 

microenvironment is the inhibition of production of IFN-γ via IFNG gene loci 

hypermethylation due to pSMAD2 (Gu, Wang, Lin, Zhang, & Wan, 2012; Takimoto et al., 

2011). The result of this is that many cancers with high levels of TGFβ also present with a 

high number of lymphocytes that exhibit a hypermethylated IFNG gene locus (Gao et al., 

2015; D. Ma et al., 2014; F. Wang et al., 2013). The observed reduction of IFN-γ production 

in the presence of TGFβ may be the result of the documented ability of TGFβ to polarise T 

lymphocytes away from the Th1 lineage  (L. Gorelik, Fields, & Flavell, 2014; Leonid 

Gorelik, Constant, & Flavell, 2002; M. O. Li, Wan, & Flavell, 2007). 

 

Metastatic melanoma characteristically upregulates expression of all three TGFβ isoforms 

(Albino, Davis, & Nanus, 1991) during malignant transformation. Fresolimumab (GC1008) a 

monoclonal antibody targeting TGFβ was originally designed to target melanoma and renal 

cell carcinoma due to the characteristically high expression of TGFβ in these cancers (Morris 

et al., 2014). 

A prominent deleterious interaction of TGFβ in the tumour microenvironment is that within 

the tumour microenvironment TGFβ signalling from tumour cells inhibits the recruitment of 

higher numbers of leukocytes (Tauriello et al., 2018). While some leukocytes overcome this 

inhibitory signal and migrate to the tumour mass, these leukocytes then exhibit highly varied 
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responses to the TGFβ present within the tumour mass dependant on cell state and other 

contextual triggers.  

 

1.6 Effect of TGFβ on various other leukocytes 

 

TGFβ has been documented to have a wide range of effects on various cells in the immune 

system, some of these effects are demonstrated below in figure 1.4.   

In macrophages, TGFβ facilitates the differentiation of macrophages away from the 

“classically activated” M1 phenotype and more towards the “alternatively activated” M2 

phenotype which tends to be more highly associated with immunosuppressive activity (Su, 

Xiao, Wei, Kou, & Jiang, 2018).  TGFβ has also been shown to induce neutrophil 

differentiation towards the immunosuppressive N2 phenotype over the inflammatory N1 

phenotype (Fridlender et al., 2009).  

Natural killer cells also exhibit reduced functionality upon exposure to TGFβ, with high 

levels of TGFβ in the tumour microenvironment proposed as a potential barrier to the 

efficacy of treating cancer using natural killer adoptive cell transfer (Otegbeye et al., 2018). 

The immunosuppression of natural killer cells by TGFβ appears to be dependent on the 

mTOR pathway (Viel et al., 2016). The TGFβ mediated inhibition of natural killer cell 

cytotoxicity is due to both downregulations of activation receptors such as NKG2D 

(Dasgupta, Bhattacharya-Chatterjee, O’Malley, & Chatterjee, 2005) and inhibition of 

cytokine production (Trotta et al., 2008). 

 

Dendritic cells also exhibit immunosuppressive effects when exposed to high levels of TGFβ. 

TGFβ has been shown to inhibit the antigen presentation capacities of mature dendritic cells 

(Kobie et al., 2003; Thepmalee, Panya, Junking, Chieochansin, & Yenchitsomanus, 2018). 

Dendritic cells have been shown in murine models in vivo to be the primary cell type that 

expresses integrin αVβ8 and are potently able to release TGFβ from the LAP/LRRC32 

complex, however the method of release from the LAP/LRRC32 complex has yet to be 

elucidated on these cells (Boucard-Jourdin et al., 2016; Terra et al., 2018). Additionally, 

dendritic cells within the tumour microenvironment downregulate B7.1 and B7.2, required 

for co-stimulation of CD28 on T lymphocytes, due to high levels of TGFβ (Yang, Yu, Zuo, & 

Wang, 2006).  
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Figure 1.4 Commonly documented functions TGFß exerts on various immune cells 

Some of the commonly documented features of TGFβ on various immune cell subsets. 

Detailed are common effects of TGFβ on B lymphocytes, monocytes, dendritic cells, 

macrophages and natural killer cells. 
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1.7 T lymphocyte activation 

 

T lymphocytes possess the capacity to become activated in response to their target antigen. 

The signalling cascade of T lymphocyte activation begins with phosphorylation of the CD3ζ 

chain and recruitment of ZAP-70 (L. Chen, Glovert, Hogan, Rao, & Harrison, 1998). 

Initiation of this signal is resultant from the presentation of cognate antigen associated with a 

given major histocompatibility complex (MHC) molecule on an antigen-presenting cell 

(APC) to a T lymphocyte. This presentation is typically associated with a secondary co-

stimulatory signal such as stimulation of CD28 with a ligand such as CD80 or CD86 (B7.1 

and B7.2 respectively) (Freeman et al., 1991) expressed by the APC (not to be confused with 

the B7-H family which are typically suppressive of T lymphocyte activation) and signals 

received from cytokines such as IL-2 or IFN-γ (J M Curtsinger et al., 1999; Julie M. 

Curtsinger, Valenzuela, Agarwal, Lins, & Mescher, 2005) in a model known as the three 

signal model (Corthay, 2006).  

Once the T lymphocyte receives these signals an internal phosphorylation cascade occurs. 

The phosphorylation cascade resultant from T lymphocyte activation results in 

phosphorylation and subsequent activation of the downstream molecules NF- κB (Hoesel & 

Schmid, 2013), AP-1 (Macián, López-Rodríguez, & Rao, 2001) and NFAT (L. Chen et al., 

1998). T cell activation is typically measured with surface markers such as the TNFR 

superfamily surface receptor CD137 (Y. J. Kim, Han, & Broxmeyer, 2008; Y. J. Kim, 

Stringfield, Chen, & Broxmeyer, 2005), which interestingly, has been shown to modulate 

TGFβ signalling upon stimulation. 

With regards to TGFβ signalling, some genes exhibit synergistic effects between the 

NFAT/AP-1 pathway and SMAD pathways. Notably, SMAD3 binds the FoxP3 gene loci at 

its enhancer region while NFAT/AP-1 binds to the FoxP3 loci at the promoter region 

suggesting a synergistic effect of activation and TGFβ signalling in inducing expression of 

FoxP3 (Tone et al., 2008).  
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1.8 CD4+ helper T Lymphocytes 

 

CD4+ T lymphocytes primarily act as helper cells physiologically, these cells have roles in 

stimulation of B cells, CD8+ T lymphocytes and phagocytic cells such as monocytes, 

dendritic cells and macrophages. CD4+ T lymphocytes have a highly varied range of well-

defined lineage subsets that all fulfil specialised roles within the immune system. CD4+ T 

lymphocytes are typically referred to as helper T lymphocytes alluding to the observation that 

upon activation, CD4+ T lymphocytes secrete cytokines that aid other cell types within the 

immune system.  

 

These helper T lymphocytes are characterised by the cytokines they produce in response to 

antigenic stimulation and many different subsets of CD4+ T lymphocytes have been 

identified. While the varied responses of different T lymphocyte subsets to TGFβ are 

interesting, it is outside the scope of this thesis.  One of the more prominent mechanisms 

underlying immunosuppressive effects mediated by TGFβ is the documented ability of TGFβ 

to inhibit IFN-γ production from the T helper 1 (Th1) subset of CD4+ helper T lymphocytes.  

 

In proximity to the tumour mass, Th1 cells are affected by TGFβ and IL-10 secretion from 

the tumour resulting in a reduction of up to tenfold in terms of their capacity to secrete IFN-γ  

(Branchett et al., 2019; Brooks, Walsh, Elsaesser, & Oldstone, 2010; Lúdvíksson, Seegers, 

Resnick, & Strober, 2000). Of importance for the field of immunotherapy is the discovery 

that levels of IFN-γ within a tumour mass correlate directly with the efficacy of 

pembrolizumab (anti-PD1) treatment and overall patient survival in melanoma and non-small 

cell lung cancer patients (Karachaliou et al., 2018).  To date thus far, mouse models of lung 

cancer have revealed promise for combination therapy involving anti-PD-1 (Pembrolizumab) 

and anti-TGFβ1 (1D11.16.8) via upregulation of IFN-γ secretion by Th1 T lymphocytes 

(Terabe et al., 2017).  
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1.9 CD4+ Regulatory T lymphocytes (Tregs) 

 

Regulatory T lymphocytes have the potential to detrimentally impact the efficacy of cancer 

immunotherapies due to the suppressive nature of these cells. Much of the literature 

concerning Tregs have used the murine model Mus Musculus. There exists substantial 

homology between murine Tregs and human Tregs, however, there are some distinct 

differences between the two organisms. In both mice and humans, Tregs utilise CTLA4 to 

mediate suppression  (Doyle et al., 2001; Perkins et al., 1996; Qureshi et al., 2012, 2011; 

Read, Malmström, & Powrie, 2000; Takahashi et al., 2000), mediate killing of adjacent 

effector cells via mechanisms such as FasL (Gorbachev & Fairchild, 2010; Strauss, 

Bergmann, & Whiteside, 2009), and secrete the suppressive cytokines TGFβ and IL-10 

(Kariminia et al., 2005; Konkel et al., 2017; Nakamura et al., 2001; Read et al., 2000). The 

common suppressive mechanisms exhibited by Tregs are illustrated below in figure 1.5. 

Both murine and human Treg cells have been shown to require IL-2 and the corresponding 

signalling via STAT5 to induce and maintain FoxP3 expression (Burchill, Yang, 

Vogtenhuber, Blazar, & Farrar, 2007; Davidson, DiPaolo, Andersson, & Shevach, 2007; 

Yates et al., 2007; Zorn et al., 2006). It has been hypothesized that a key mechanism for 

suppression exerted by Tregs in vivo is by acting as an “IL-2 sink” due to constitutive 

expression of the high-affinity IL-2 receptor CD25. CD25 is expressed in high quantities 

relative to the lower affinity IL-2 receptor molecules CD122 and CD132 in Tregs, however, it 

is CD132 and CD122 that actively signal via phosphorylation of STAT5 (Bianchi, Meng, & 

Ivashkiv, 2000; Yuan, Dong, Tsurushita, Tso, & Fu, 2018). Studies in both mice and humans 

have also shown that Tregs can inhibit the ability of adjacent effector cells to produce their 

own IL-2 (Jenabian et al., 2013; Thornton & Shevach, 1998). 

 

Both murine and human Tregs have been shown to exhibit metabolic changes relative to 

effector cells. Both murine and human Tregs upregulate genes typically associated with the 

oxidative phosphorylation pathway relative to glycolytic pathways (Howie et al., 2017). This 

upregulation prompts the production of large volumes of ATP which may contribute to the 

high levels of ATP typically observed within the tumour microenvironment  (Pellegatti et al., 

2008). The high levels of ATP characteristic of the tumour microenvironment are also at least 

partially attributable to release from apoptotic cells within the tumour (I. Martins et al., 2014; 

Isabelle Martins et al., 2009; Qu et al., 2011). ATP exhibits an interesting interaction with the 
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Treg cell type as murine Tregs have been shown to exhibit high levels of the 

ectonucleotidases CD73 and CD39 constitutively (Deaglio et al., 2007; X. Sun et al., 2010). 

The expression of these cell surface markers in mice is maintained by TGFβ signalling within 

the tumour microenvironment (Chalmin et al., 2012; S. Chen et al., 2019; Regateiro et al., 

2011). These ectonucleotidases allow the murine Treg to convert extracellular ATP to free 

adenosine within the tumour microenvironment that can act in an immunosuppressive manner 

on the NF-κB, purinergic and ZAP70 pathways (Lukashev, Ohta, Apasov, Chen, & 

Sitkovsky, 2004; Sands, Martin, Strong, & Palmer, 2004; Sevigny et al., 2007; Sorrentino et 

al., 2019). 

In contrast, human Tregs can express CD39 constitutively  (Han et al., 2018), but only a very 

small percentage of FoxP3+ Treg cells in humans express the concurrent ectonucleotidase 

CD73 on the cell surface although intracellular expression of CD73 has been shown 

(Mandapathil et al., 2010). Interestingly, it has been found that apoptotic Tregs in humans can 

produce free adenosine during apoptosis (Maj et al., 2017). The conventional view of 

induction of free adenosine by human Treg cells is that the conversion from ATP or ADP to 

AMP is catalyzed by CD39 on the surface of the Treg then proximal cells expressing CD73 

catalyze the conversion of AMP to free adenosine (Schuler et al., 2014). 

In both mice and humans there exists a suppressor population that produces IL-10 alongside 

without concurrent expression of FoxP3 (Ballke, Gran, Baekkevold, & Jahnsen, 2016; 

Maynard et al., 2007; Uhlig et al., 2006b; Vieira et al., 2014). These cells are termed T 

regulatory 1 (Tr1) cells and are regarded as being largely induced by the transcription factor 

BLIMP1 (Heinemann et al., 2014; Neumann et al., 2014). These Tr1 cells require IL-2 to 

induce but appear to be induced independently of TCR stimulation (Bacchetta et al., 2002; 

Barthlott et al., 2005). 

The sequence of the FoxP3 gene is relatively well conserved (84.58% homology) between 

mice and humans, a region that has very high homology is the SMAD3 binding site 

(Chakraborty et al., 2017). This suggests the role of TGFβ in the induction of FoxP3 in both 

mice and humans. There are, however, conflicting reports about this observation in mice as 

some evidence suggests that TGFβ is necessary for induction of FoxP3 (W. J. Chen et al., 

2003; Fantini et al., 2004; V. C. Liu et al., 2007). However, in a TGFβR2 -/- murine model it 

was found that FoxP3+ T lymphocytes were still present, suggesting a TGFβ independent 

mechanism for induction of FoxP3 in vivo (Soyoung A. Oh et al., 2017).  
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FoxP3 expression in murine models also cannot be induced upon activation through anti-

CD3/anti-CD28 stimulation of T cells(Hori, Nomura, & Sakaguchi, 2017). Whereas in 

human T lymphocytes FoxP3 expression can be induced upon activation  with anti-CD3/anti-

CD28 (Allan et al., 2007; Kmieciak et al., 2009; Passerini et al., 2008). Interestingly, FoxP3 

expression upon activation has only been shown in humans in the presence of exogenous 

TGFβ; whether exogenous TGFβ is necessary for FoxP3 induction in humans has not been 

examined (Mantel et al., 2006; S. G. Zheng, Gray, Ohtsuka, Yamagiwa, & Horwitz, 2002). 

The observation that activation induces FoxP3 expression in humans but not in mice, despite 

many of the other homologies between the Treg phenotype between mice and humans, can 

confound the interpretation of many studies into human Tregs. It is then of interest to 

examine human T lymphocytes expressing FoxP3 while carefully considering the implication 

that at least a proportion of these cells may be expressing FoxP3 as a result of activation.  

Due to the implication of TGFβ in inducing FoxP3 expression, TGFβ inhibiting therapies 

have been examined as potential methods to downregulate Tregs in vivo. A pertinent example 

is the ongoing clinical study NCT02423343 examining Galunisertib (a small molecule ALK5 

inhibitor) in combination with anti-PD1. The clinical study examining Galunisertib leads on 

from a comprehensive study of the effects of the small molecule ALK5 inhibitor in mouse 

models of glioblastoma (Holmgaard et al., 2018), Galunisertib also demonstrates a very high 

affinity to ALK4 (ACVRI) the side effects of which appear negligible. Aside from small 

molecule inhibitors, another currently ongoing clinical trial is at the time of completion of 

this thesis in recruitment for phase III examining the effects of Fresolimumab (GC1008). 

Fresolimumab is an antibody inhibitor of TGFβ which inhibits all three members of the 

TGFβ subfamily and is being examined as a potential therapeutic for the treatment of non-

small cell lung cancer (NCT02581787). Fresolimumab has previously demonstrated 

considerable efficacy in clinical trials as shown by a phase II study of fresolimumab in 

conjunction with focal ablation(Formenti et al., 2018). Another immunotherapeutic drug of 

interest is the anti-CTLA4 monoclonal antibody Ipilumimab which targets Treg cells and 

activated T lymphocytes. In human studies, anti-CTLA4 therapies have been shown to 

increase the density of CD4+ and CD8+ cells within the tumour microenvironment without a 

subsequent decrease in the relative proportion of FoxP3+ T lymphocytes within the tumour 

microenvironment(Sharma et al., 2018).   
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Mechanisms are shown broadly separated into four categories;  

Cytokine modulation (high CD25 competition for IL-2 alongside IL-10 and TGFβ secretion), 

The CD39/CD73 pathway of extracellular ATP metabolism, Direct effects on effector T 

lymphocytes involving induction of anergy via PD-1 and induction of apoptosis via FasR, and 

induction of tolerogenic APCs and MDSC populations alongside trans endocytosis of the B.1 

and B7.2  proteins. 

 

 

 

Figure 1.5 Some of the documented mechanisms of suppression of Tregs 
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1.10 CD8+ T Lymphocytes 

 

1.10.1 CD8+ Cytotoxic T lymphocytes 

 

CD8+ cytotoxic T lymphocytes (CTLs) are the primary cell responsible for the elimination of 

neoplastic or virus-infected cells. CTLs will express a TCR specific to a target antigen and 

eliminate the target cell via two key pathways upon activation. The first of these pathways 

involves the release of granules containing perforin and granzyme. Perforin acts to create 

pores in the membrane of the target cell, and granzyme B acts to proteolytically cleave 

various targets intracellularly, collectively these proteins can induce apoptosis in the target 

cell. The second pathway involves cell-cell contact-induced cell death by the presentation of 

the fas ligand (CD95L) on the cell surface of the CTL which can associate the fas receptor 

(CD95) on the target cell to induce caspase 8 dependent apoptosis of the target cell (Farhood, 

Najafi, & Mortezaee, 2019). 

 

Infiltration of CD8+ CTLs has historically been regarded as a prognostic factor in multiple 

cancers (Mahmoud et al., 2011; Sato et al., 2005). A higher ratio of infiltrating CD8+ CTLs 

relative to tumour associated Tregs being associated with more positive patient prognosis. 

Priming of a CD8+ CTL response against transformed cells is instigated by the presentation 

of a tumour antigen to the CD8+ lymphocyte via the MHC class I complex by an APC such 

as a dendritic cell in vivo. TCR stimulation must be accompanied by two other key signals to 

ensure appropriate CD8+ T lymphocyte expansion in vivo, co-stimulation via various 

molecules such as ICOS, OX40, CD28, and/or CD40, and stimulation via inflammatory 

cytokines such as TNF-α and IL-2. Once a CD8+ T lymphocyte has received these three 

signals they will undergo a substantial expansion that acts to combat any foreign potential 

pathogen. Following this expansion, roughly 95% of the expanded CD8+ T lymphocytes then 

undergo apoptosis mediated by factors such as Bcl-2, Bclx, and Bim and CD95 (Hughes et 

al., 2008). The surviving CD8+ T lymphocytes will then differentiate into memory T 

lymphocytes which can be classified as being either effector memory or central memory 

based on their expression of CCR7 and CD62L. More promising patient prognosis in the 

majority of cancers is associated with increased levels of both Tem and Tcm relative to naïve 

CD8+ T lymphocytes in the periphery (Lieber et al., 2018; G. Liu, Hua, & Pan, 2017).  
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TGFβ is important for the maintenance and differentiation of CD8+ memory cells and 

continual TGFβ signalling in vivo is integral for effective memory CD8+ responses (Ma & 

Zhang, 2015). However, constitutive TGFβ signalling can inhibit the ability of CD8+ 

memory cells to efficiently become activated in vivo by a variety of mechanisms. 

TGFβ also acts to both inhibit proliferation of CD8+ CTL and inhibit expression of various 

cytotoxicity associated genes such granzyme A, granzyme B, perforin, and CD95L  (Koehler 

et al., 2007; Thomas & Massagué, 2005). However, this inhibition is dependent on the 

surrounding cytokine milieu and the presence of co-stimulatory signals.   

 

1.10.2 CD8+ Treg cells 

 

An interesting subset of CD8+ cells is the CD8+ Treg cells which mediate 

immunosuppression via cell-cell contact inhibition or inducing apoptosis in target 

lymphocytes to reduce inflammatory responses in vivo. These cells are CD8+, FoxP3+, 

CTLA4+, CD25high and constitute about 6% of the CD8 cells within the tumour 

microenvironment (Chakraborty et al., 2017). These cells are analogous to CD4+ T 

lymphocytes in that their secreted repertoire of cytokines appears high in IL-10 and TGFβ 

comparable to an activated CD8 T lymphocyte. The induction of FoxP3 in these cells appears 

dependant on TGFβ and is facilitated by SMAD3 induction of FoxP3 (Chakraborty et al., 

2017) and can be transient, as seen more commonly in the context of the tumour 

microenvironment, or more constitutive as in the case of CD8+ thymic Tregs. 

As CD8+ Tregs have very few markers to delineate this population from normal CD8+ CTLs, 

the literature on this cell type is sparse (Cai et al., 2004; Garba et al., 2002; Jiang et al., 2009). 

There is a considerable level of debate as to whether or not CD8+ Tregs within a solid 

tumour mass is actually a defined cell type in humans or simply CD8+ T lymphocyte that 

expresses FoxP3 as a transient response to activation (Le et al., 2011). 

It has been documented that TGFβ production in CD4+ Treg cells is dependent on LRRC32 

and αVβ8 or αVβ6 integrin (Liénart et al., 2018; Stockis et al., 2017). It remains to be seen 

whether TGFβ presentation in the context of CD8+ T lymphocytes is dependent on LRRC32 

and αVβ8 or αVβ6 integrin in a similar manner. 
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1.11 FoxP3 and BLIMP1 transcription factors 

 

FoxP3 (also known as scurfin) is a member of the forkhead box family of transcription 

factors and is held largely as a master regulator of the regulatory T lymphocyte lineage.  

FoxP3 was originally characterised in humans as it was discovered that the fatal genetic 

condition IPEX (Immunodysregulation polyendocrinopathy enteropathy X-linked) was the 

result of a mutation in FoxP3 that rendered it non-functional (Bennett et al., 2001). FoxP3, as 

described above, is upregulated transiently following T lymphocyte activation in a TGFβ 

dependent manner via the synergistic function of SMAD3 and AP-1(Allan et al., 2007; Tone 

et al., 2008; Walker et al., 2003; J. Wang, Ioan-Facsinay, van der Voort, Huizinga, & Toes, 

2007). The NFAT/AP-1 complex and pSMAD3 have both been shown to bind to the 

enhancer region of the FoxP3 gene loci (Lozano et al., 2015; Mantel et al., 2006; Schlenner, 

Weigmann, Ruan, Chen, & von Boehmer, 2012), while pSMAD2 has been shown to 

contribute to induction of FoxP3 in a TGFβ dependent manner (Malhotra, Robertson, & 

Kang, 2010). Supporting this fact is the observation that the FoxP3 gene contains multiple 

binding sites for the nuclear factor of activated T cells (NFAT) and induction of FoxP3 has 

been shown in response to high NFAT levels (Vaeth et al., 2012). As the pSMAD2 protein 

lacks a DNA binding domain the induction of FoxP3 is likely due to histone modifications 

proximal to the FoxP3 locus, however, this has not been definitively shown. Interestingly, the 

FoxP3 protein is pro-apoptotic via upregulation of Bim, an effect that is counterbalanced by 

exogenous IL-2 (Pierson et al., 2013; Tai et al., 2013a).  

This is reflected in the observation that murine FoxP3+ cells are entirely dependent on IL-2 

and starvation of IL-2 is lethal to FoxP3+ T lymphocytes (G. Y. Kim et al., 2012; Pandiyan, 

Zheng, Ishihara, Reed, & Lenardo, 2007; Simonetta, Gestermann, Bloquet, & Bourgeois, 

2014). Reflecting this need for IL-2 to sustain FoxP3+ T lymphocytes, a FoxP3+ T 

lymphocyte is often characterised by high expression of CD25. CD25 has a tenfold higher IL-

2 affinity than CD132 or CD122  (Taniguchi & Minami, 1993). Some studies have suggested 

that due to a FoxP3+ T lymphocytes high affinity for IL-2 in vivo that part of the suppressive 

activity of a FoxP3+ T lymphocyte is in its ability to act as an IL-2 “sink” absorbing IL-2 that 

adjacent cells require for efficient activation  (Camperio et al., 2012; Pandiyan et al., 2007). 
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The structure of the FoxP3 protein allows for a comprehensive interactome, researchers have 

identified as many as 361 different proteins that complex with the FoxP3 protein in vitro 

(Rudra et al., 2012). The full interactome of FoxP3 is likely much more complex than is 

currently known. This ability of the FoxP3 protein to multimerize with so many other 

proteins allows for a range of transcriptional and translational control of gene regulation that 

is not fully understood. To add to the complexity, not all the FoxP3 transcriptional 

programme contain any potential binding sites for FoxP3, with only about 6% of the 

transcriptional programme regulated by FoxP3 having any FoxP3 binding sites.  

For instance, the IL-10 gene promoter has no FoxP3 target regions (Bankoti et al., 2017), 

instead, FoxP3 preferentially up-regulates four key transcription factors in both the thymus 

and the periphery (Prdm1, Crem, Zfpn1a2 and Irf6) (Y. Zheng et al., 2007) and the IL-10 loci 

contain BLIMP1 binding sites. It is these transcription factors that then act to regulate much 

of the transcriptional programme attributed to FoxP3. The control of these transcription 

factors with regards to activation-induced FoxP3 expression is not well understood. Of 

interest for this thesis amongst these transcription factors is the transcription factor BLIMP1, 

coded for by the Prdm1 gene.  

 

BLIMP1 is a potent transcription factor of IL-10 in conjunction with IRF4 in murine 

models(Cretney et al., 2011; Garg et al., 2019; Montes de Oca et al., 2016; Neumann et al., 

2014). Some studies also suggest that BLIMP1 expression could potentially be indicative of a 

natural thymic Treg population in vivo in murine models (Bankoti et al., 2017; Cretney et al., 

2011). 

BLIMP1 in T lymphocytes exhibits some interesting interactions regarding IL-2 production 

and metabolism.  BLIMP1 has been shown to directly inhibit transcription of IL-2 (G. A. 

Martins, Cimmino, Liao, Magnusdottir, & Calame, 2008) while also being induced by IL-2 

signalling (Boulet, Daudelin, & Labrecque, 2014). 

The relation between activation-induced BLIMP1 expression in T lymphocytes and 

production of IL-10 has not been examined in humans to date to the best of our knowledge. 
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1.12 The conflicting roles of IL-10 in T lymphocyte biology  

 

IL-10 is a cytokine with contrasting roles in tumour surveillance and obstruction of tumour 

lysis. IL-10 exhibits suppressive effects on CD4+ T lymphocyte proliferation while 

enhancing the proliferation of activated CD8+ T lymphocytes (Ye et al., 2007). This 

suppression of CD4+ T lymphocytes is also reflected in the reduced ability of IL-10 treated 

CD4+ T lymphocytes to secrete effector cytokines (Branchett et al., 2019; Brooks et al., 

2010). However, the observation that IL-10 reduces IFN-y production in activated CD4+ T 

lymphocytes is likely context-dependent as evidenced by the observation of a population of 

CD4+ T lymphocytes that secrete both IL-10 and IFN-y (Flores-García, Rosales-Encina, 

Satoskar, & Talamás-Rohana, 2011; Gerosa et al., 1999, 1996; Villegas-mendez, Shaw, 

Inkson, Strangward, & Couper, 2015)..  

 

In CD8+ T lymphocytes, IL-10 has been documented as having stimulatory functions. IL-10 

production is induced in CD8+ T lymphocytes predominantly in response to viral infection in 

large volumes corresponding to the activation status of the cell (Abel et al., 2006; J. Sun, 

Madan, Karp, & Braciale, 2009; Trandem, Zhao, Fleming, & Perlman, 2011) and is largely 

regarded as being protective to surrounding tissues. Additionally, IL-10 affects CD8+ 

cytotoxic T lymphocytes by polarising them to a more Th1 lineage, increasing their 

production of cytokines such as IFN-y (C. Li & Zuo, 2019) whilst simultaneously appearing 

to suppress PD-1 expression in certain contexts (Santin et al., 2000). 

 

Previous studies have shown potent synergies between TGFβ signalling and IL-10 signalling 

(Fuss, Boirivant, Lacy, & Strober, 2002; Komai et al., 2018; Oswald, Gazzinelli, Sher, & 

James, 1992). One mechanism of synergy that is of particular interest to this thesis was the 

observation that expression of TGFβRII increases on resting T lymphocytes in the presence 

of IL-10 (Cottrez & Groux, 2001). However, in many studies investigating the effects of IL-

10 on T lymphocyte biology comparatively high doses of IL-10 (often between 10-

100ng/mL) have been used (Cottrez & Groux, 2001; Garg et al., 2019; Hsu et al., 2015; Mao 

et al., 2016). While in vivo serum levels of IL-10 in malignant patients are typically elevated, 

under most circumstances serum levels of IL-10 do not exceed 2 ng/mL (Ali, Ali, & Jubrael, 

2012; Del Porto et al., 2019; Dennis et al., 2015; Nakamura et al., 2001; S. Sharma et al., 

1999; Visco et al., 2004).  Proximal to the primary tumour mass, typically a high number of 
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IL-10 producing cells is observed, however concentrations rarely exceed 2ng/mL in this area  

(Barilla et al., 2019; Bergmann et al., 2008; Scurr et al., 2014).   

IL-10 is produced to some extent by various cell types within the immune system. 

Typically, IL-10 production is attributed to activated T lymphocytes (Abel et al., 2006; 

Nakamura et al., 2001; Rafiq et al., 2001; J. Sun et al., 2009; Trandem et al., 2011), Treg or 

Tr1 cells (Groux et al., 1997; Zeng, Zhang, Jin, & Chen, 2015) or myeloid-derived suppressor 

cells (M. J. Park et al., 2018; Pinton et al., 2016; Xiu et al., 2015).  A notable interaction of T 

lymphocytes and IL-10 can be seen with monocytes secreting IL-10. Monocytes can be 

induced to secrete IL-10 in large quantities following PD-1 stimulation (Said et al., 2010). 

Monocytes have fascinating interactions with T lymphocytes with regards to IL-10 and TGFβ 

biology as all monocyte populations express high quantities of αvβ8 integrin and therefore a 

capacity to activate TGFβ from the LAP/LRRC32 complex (Kelly et al., 2018).  
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1.13 The proposed direction of research 

 

One of the most potent barriers to immunotherapeutic treatments for various cancers is the 

activity of the immunosuppressive cytokine TGFβ. Recent observations within the host 

laboratory have identified myeloid populations that can produce TGFβ within the 

microenvironment of human melanoma.  

Due to the highly diverse effects that TGFβ has been implicated in with regards to T 

lymphocytes, it is of interest to develop in vitro methods to better study the functional effects 

that TGFβ is likely to exert on a T lymphocyte within the tumour microenvironment. With 

regards to how these interactions may affect immunotherapeutic treatments. Better 

understanding the effect that these suppressive myeloid cells are exerting on T lymphocytes 

can aid to better understand how conditions within the tumour microenvironment affect T 

lymphocyte effector function in the context of immunotherapy.  

These assays will be established by examining various aspects of T lymphocyte effector 

functions reported to be affected by TGFβ such as proliferation and activation state. These 

assays should provide a framework for future studies investigating T lymphocyte function in 

vitro. 

Due to the implicated role of TGFβ in the induction of FoxP3, the expression of FoxP3 in 

human T lymphocytes will be examined relative to exogenous TGFβ. This may tell us if 

TGFβ supplementation is necessary to induce FoxP3 expression in human T lymphocytes. 

We will also examine factors such as LRRC32 and BLIMP1 expression relative to FoxP3 

expression upon activation to better understand the role of activation induced FoxP3 

expression in human T lymphocytes.  

A multicolour flow cytometry panel will also be developed to assess the expression of 

various TGFβ receptor molecules within healthy human PBMC. This is to establish which 

populations in human immune cell populations are likely to be responsive to TGFβ signalling 

in vivo. 
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Chapter 2 Methods 
 

2.1 Cell culture methods 

2.1.1 Cell culture media 

For all cell culture, a derivation of RPMI 1640 media (Gibco®, CAT # 11835-030) 

supplemented with 1% Streptomycin (Gibco®, CAT # 15140-122) and 1% Glutamax 

(Gibco®, CAT # 35050-061) was used. This media was designated “R0”. R0 was typically 

used by itself as a wash buffer during peripheral blood mononuclear cell (PBMC) isolations 

or washing beads clean of sodium azide, it was also frequently used for cell culture used with 

varying concentrations of either filtered and heat-inactivated human serum (HS, 

Thermofisher Scientific®, CAT# A25761) or filtered and heat-inactivated foetal bovine 

serum (FBS, Moregate, CAT # 10091-148). 

 

For most lymphocyte culture HS was added to R0 to a concentration of 5% to make a media 

designated “RS5”. 

For cell resting and peripheral blood mononuclear cell (PBMC) extractions, FBS was added 

to R0 to a concentration of 10% to make a media designated “RF10”. 

All cell culture was conducted in a humidified incubator (Heracell 240i, Thermofisher 

Scientific®) kept at a constant 37⁰C with 5% CO2. 

 

2.1.2 Primary culture of T lymphocytes 

T lymphocytes were cultured in RS5 with 10ng/mL IL-7 (Peprotech®, CAT# 200-07), other 

supplementary cytokines were added as required. 

T lymphocytes were typically cultured in Falcon™ flat bottom 96 well polystyrene 

microplates (Corning™). Depending on cell concentration, Falcon™ 46 or Falcon™ 24 well 

flat-bottom polystyrene plates were also occasionally used if cell number per well exceeded 

200,000 cells or 1,000,000 cells respectively. Cell feeding was performed every 2-3 days of 

culture by centrifuging the plate at 400rpm for 10 minutes and removing two-thirds of the 

media from each well and replacing with fresh media with appropriate cytokines. When 

cytokine treatments were compared, appropriate vehicle control was added to the control 

condition. 
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2.1.3 Cryopreservation of cells 

Cells were routinely cryopreserved throughout this project in Nunc® Cryotube® vials 

(Thermofisher®). This was done by adding 500µL of FBS containing 20% dimethyl 

sulfoxide (DMSO, Sigma-Aldrich, CAT # 2650) to 500µL of media containing the cells to be 

cryopreserved (not exceeding a cell concentration of 3x107 cells/mL) into the cryotube vials.  

The samples were then placed into an isopropanol-filled Nalgene™ freezing container and 

moved to a -80℃ freezer as quickly as possible after addition of DMSO. The following day, 

samples were moved into liquid nitrogen for long-term storage. 

 

 

2.1.4 Thawing of cryopreserved cells 

Cells to be rescued from cryopreservation were thawed in a 37℃ water-bath and added in a 

dropwise fashion to 14mL warm R0 in a 15mL Falcon™ tube (Corning™).  

Once added and thoroughly mixed into the R0, the sample was washed twice by centrifuging 

at 400rpm for 10 minutes in either a Heraeus™ Multifuge™ X3R series centrifuge 

(Thermofisher®) or a Heraeus™ Multifuge™ 3 S-R (Thermofisher®) and aspirating the 

supernatant.  

For any samples that were to be stained for flow cytometry or sorted with a MACS® column, 

the cells were suspended in 1 million cells/mL RF10 for an hour to rescue receptor 

expression post-thaw. In some circumstances (stated in appropriate chapters) cells were 

rescued in the presence of cytokine supplementation. 

 

2.1.5 PBMC extraction from whole blood 

All voluntary donor blood samples used throughout this project were obtained with informed 

consent and were anonymised through a third party via the University of Auckland, School of 

Biological sciences blood donation system. All blood donations from the 3rd March until the 

31st October 2019 were used under ethics approval reference 023815 and all blood donations 

from the 31st October 2019 until the 28th February 2020 were used under ethics approval 

010558. 

PBMC populations were routinely extracted from whole donor blood using Ficoll-Paque 

density gradient centrifugation as previously described (English & Andersen, 1974). 
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Donor blood was mixed with an equal volume of RPMI 1640 medium and layered onto the 

membrane of a Leucosep™ centrifuge tube (Greiner Bio-one) containing 15mL of 

Lymphoprep™ (Stemcell™ technologies, CAT # 07801) below the membrane.  

Once the blood and RPMI mixture had been correctly layered onto the Leucosep™ 

membrane the Leucosep™ tube was centrifuged at 800rpm for 15 minutes with no brake to 

separate the PBMC population, the PBMC fraction was then extracted using a sterile transfer 

pastette (Sarstedt) and transferred to a 50mL Falcon™ tube (Corning™). 

The PBMC fraction was then washed twice by adding RPMI to a total volume 50mL then 

centrifugation at 400rpm for 10 minutes followed by aspiration of supernatant. Finally, the 

PBMC pellet was suspended in RF10 culture media for cryopreservation, flow cytometry 

analysis, or MACS enrichment. 

 

2.1.6 MACS cell enrichments 

Throughout this project, MACS® enrichment columns were frequently employed to enrich a 

cell population of interest. Whole PBMC was centrifuged at 1300rpm for 5 minutes and all 

supernatant aspirated. Cells were then suspended in 40µL FACS wash buffer (Sterile 

phosphate-buffered saline (PBS, Sigma®, CAT # P4417-100 TAB), 2% FBS) per 1x107 cells 

then incubated at room temperature for 15 minutes with 10µL magnetic bead conjugated 

antibodies per 1x107. Following this incubation an additional 30µL per 1x107 cells MACS® 

buffer was added to the suspension followed by 20µL per 1x107 magnetic beads. This 

suspension was then incubated at room temperature for a further 15 minutes. 

 

Following labelling, the cell suspension was passed through a MACS® column (Miltenyi 

Biotec) with the aid of a MidiMACS™ manual separation magnet. Both the population of 

interest and the population absent the population of interest were collected in respective 15 

ml Falcon™ tubes (Corning™) and either used in subsequent experiments or cryopreserved 

for later use. Following all MACS preparations, the fraction of interest was stained with a 

conjugated antibody specific to the target population and the MACS preparation was repeated 

or the sample was discarded if purity was found to be less than 90%. 
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2.2 Flow cytometry methods 

 

2.2.1 Surface marker staining 

Two key buffers were routinely used in flow cytometry staining, these buffers were typically 

PBS supplemented with FBS at varying concentrations. These were FACS staining buffer 

(Sterile PBS, 10% FBS) and FACS wash buffer (Sterile PBS, 2% FBS).  

Cells to be stained were added to FACS round bottom tubes up to a concentration of 1 

million cells/tube and were centrifuged at 400rpm for 5 minutes and the supernatant was 

aspirated before surface marker staining. Surface staining was then performed one of two 

ways depending on the number of markers to be stained. For comparably few markers (5 or 

less) cells were suspended in 100µL of FACS staining buffer and antibodies to target 

antigens (all antibodies used over the course of this project are detailed below in table 2.1) 

were added to the cells on ice for 30 minutes to stain. Following staining, 1 mL of FACS 

wash buffer was added and the sample was centrifuged at 400rpm for 10 minutes then the 

supernatant was decanted. This wash step was repeated two additional times and the sample 

was run in final decant volume. 

 

For multicolour panels, cells were suspended in 14µL of PBS and 1µL of Zombie Near Infra-

Red ™ (Biolegend). This mixture was then incubated with 15µL of Trustain Monocyte 

blocker™ (Biolegend) for 10 minutes at room temperature before addition of antibody 

cocktail. The antibody cocktail was made in 10µL of Brilliant Stain Buffer Plus (Biolegend) 

followed by the addition of the primary conjugated antibodies specific to the panel with all 

Brilliant Violet (BV) dyes added first to prevent aggregations. Once all antibodies have been 

added, FACS staining buffer was added to make the solution up to 70µL total volume. The 

cells were stained on ice for 30 minutes followed by wash steps as described above.  
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Table 2.1 Fluorophore-conjugated antibodies used throughout the project 

Note: BV= Brilliant violet and Alexa=Alexa Fluor 

Antigen Fluorophore Dose 

(µL) 

Clone Catalogue 

number 

Company 

ALK1 Unconjugated 2.5 117702 MAB3701-

100 

R & D Biosystems 

ALK5 

(TGFBRI) 

Unconjugated 2.5 854621R MAB3025-

100 

R & D Biosystems 

CCR4 

(CD194) 

Alexa 647 5 L291H4 359403 Biolegend 

CCR6 

(CD196) 

BV785 1.25 G034E3 353422 Biolegend 

CCR7 

(CD197) 

APC 2.5 GO43H7 353213 Biolegend 

CCR7 

(CD197) 

PE-Dazzle 594 1.25 G043H7 353235 Biolegend 

CCR7 

(CD197) 

BV421 5 G043H7 353208 Biolegend 

CD1c PerCP-eFluor 

710 

0.625 L161 46-0015-41 ThermoFisher 

CD11b BV510 0.312 M1/70 101245 Biolegend 

CD11c Alexa 647 0.625 Bu15 337229 Biolegend 

CD11c BV650 1.25 Bu15 337238 Biolegend 

CD127 PE-Cy5 0.625 A019D5 351324 Biolegend 

CD134 FITC 1.25 BerACT35 350006 Biolegend 

CD134 PE 1.25 BerACT35 350003 Biolegend 

CD137 PE 2.5 4B4-1 309804 Biolegend 

CD137 APC/Fire 750 1.25 4B4-1 309834 Biolegend 

CD14 FITC 1.25 HCD14 325604 Biolegend 

CD14 Pacific Blue 1 M5E2 301815 Biolegend 
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CD14  Qdot 705 0.312 Tük4 Q22137 Invitrogen 

CD16 Alexa 700 0.125 3G8 302025 Biolegend 

CD19 PE-Cy5 0.625 HIB19 302210 Biolegend 

CD19 PE-Alexa 610 1.25 SJ25-C1 MHCD1922 Life technologies 

CD1c PerCP e710 0.3 L161 46-0015-42 Invitrogen 

CD20 BV570 1.25 2H7 302331 Biolegend 

CD25 A488 1.25 M-A251 356115 Biolegend 

CD25 BB515 5 M-A251 565096 BD Biosciences 

CD27 BV750 1.25 O323 302849 Biolegend 

CD27 BV570 1.0 O323 302825 Biolegend 

CD28 PE-CF594 1.0 28.2 562296 BD Biosciences 

CD28 PerCP/Cy5.5 1.25 28.2 302922 Biolegend 

CD3 Alexa 532 2.5 UCHT1 58-0038-42 Invitrogen 

CD3 PerCP/Cy5.5 1.25 UCHT1 300430 Biolegend 

CD303 

(BDCA2) 

Alexa 700 2.5 201A 354227 Biolegend 

CD303 

(BDCA2) 

BV711 2.5 201A 354234 Biolegend 

CD38 APC-Cy7 0.625 HIT2 303533 Biolegend 

CD39 APC 1.25 A1 328210 Biolegend 

CD4 APC-Cy5.5 2.5 S3.5 MHCD0419 Thermofisher 

Scientific 

CD4 Alexa 700 0.6 SK3 344602 Biolegend 

CD4  Pacific Blue 0.6 GK1.5 100427 Biolegend 

CD4 Alexa 700 0.3 SK3 344621 Biolegend 

CD45RA PE 2.5 HI100 304108 Biolegend 

CD45RA BV480 2.5 HI100 566114 Biolegend 

CD45RA BV605 2.5 HI100 304133 Biolegend 

CD56 PE-Cy7 1.25 HCD56 318318 Biolegend 

CD56 BV750 0.6 5.1H11 362556 Biolegend 

CD57 FITC 1.25 HNK-1 359604 Biolegend 

CD57 PerCp/Cy5.5 2.5 QA17A04 393311 Biolegend 
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CD69 BV711 0.625 FN50 310943 Biolegend 

CD69 Alexa 700 0.25 FN50 310922 Biolegend 

CD73 APC/Cy7 1.25 AD2 344021 Biolegend 

CD8 Qdot 800 0.3 3D5 Q22157 Invitrogen 

CD8  APC-Fire 750 0.6 SK1 344745 Biolegend 

CD95 PE 1.25 DX2 305607 Biolegend 

FoxP3  BV421 5 206D 320123 Biolegend 

LRRC32 

(GARP) 

PE 2.5 Plato-1 ALX-804-

867PE-0100 

Enzo Life Sciences 

LRRC32 

(GARP) 

PE 2.5 7B11 352503 Biolegend 

Granzyme B FITC 1.0 QA16A02 372205 Biolegend 

HLA-DR PerCP 1.25 L243 307628 Biolegend 

HLA-DR Qdot 655 1.25 Tü36 Q22158 Invitrogen 

ICOS BV605 1.25 C398.4A 313538 Biolegend 

IFN-γ BV711 2.5 4S. B3 502540 Biolegend 

IgD PE-Cy7 0.625 IA6-2 348209 Biolegend 

IL-10 PE 2.5 JESS-9D7 501403 Biolegend 

IL-2 APC 2.5 MQ1-17H12 500309 Biolegend 

Isotype (IgG1) Alexa 647 1 MOPC-21 400130 Biolegend 

PD-1 PE-CF594 1.25 EH12.2H7 329940 BD Biosciences 

PD-1 PE-CF594 1.25 EH12.1 565024 BD Biosciences 

PD-L1 PE/Cy7 1.25 29E.2A3 329718 Biolegend 

Perforin BV421 1.0 B-D48 353307 Biolegend 

TNF-α Alexa 488 2.5 Mab11 502915 Biolegend 

TGFBRII APC 2.5 25508 FAB241A- R & D Biosystems 

 

2.2.2 Intracellular/intranuclear staining 

Occasionally cells were fixed and permeabilised for intracellular/intranuclear staining for 

antigens. All fixation/permeabilisation was performed following staining for surface antigens 

and a fixable live/dead marker.  
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For intracellular staining, the Cytofix/Cytoperm™ kit from BD Biosciences (CAT # 554714) 

was routinely used to fix and permeabilise the cells to be stained. The cells were 

permeabilised via the addition of 100µL of the Fixation/Permeabilisation solution™ for 30 

minutes on ice. Cells were then centrifuged for 5 minutes at 400rpm and solution was 

aspirated with samples resuspended in 100µL Perm/Wash buffer™ (supplied as a 10x stock 

solution diluted to 1x in PBS). 

Staining was then performed with appropriate fluorophore-conjugated antibodies on ice for 

30 minutes. Following staining, three washes were performed as per surface stains with the 

addendum that the BD Perm/Wash buffer™ was used instead of FACS buffer. 

 

For intranuclear staining, the cell sample was permeabilised using the BD Pharmingen™ 

Transcription Factor Staining Buffer Set (CAT # 562574). The transcription factor fix/perm 

buffer™ was diluted in a 1:5 ratio with transcription factor diluent buffer™ and 500µL of the 

resultant solution was used to fix and permeabilise cells for intranuclear staining for 40 

minutes on ice. Following permeabilisation, cells were centrifuged at 400rpm for 5 minutes 

and the supernatant was aspirated, cells were then washed in 1mL transcription factor wash 

buffer™ (provided as a 10x stock solution diluted to a 1x working solution in distilled water) 

by resuspension followed by centrifugation at 400rpm for 5 minutes then decanting of 

supernatant. Once permeabilised, the sample was stained for 30 minutes on ice with 

appropriate intranuclear antibody in 100µL of transcription factor wash buffer™. Following 

staining, three washes were performed as per surface stains with the addendum that the 

transcription factor wash buffer™ was used instead of FACS buffer. 

 

2.2.3 Indirect flow cytometry 

Occasionally, when directly conjugated antibodies to the target protein of interest were not 

available, indirect flow cytometry was used. Indirect flow cytometry was performed by 

labelling the protein of interest with an unconjugated antibody (as detailed in table 2.2) for 30 

minutes on ice in 100uL FACS staining buffer. Following primary labelling, the sample was 

washed three times as detailed above for surface marker staining. The sample was then 

labelled with an appropriate fluorophore-conjugated secondary antibody (as detailed in table 

2.3) for 30 minutes on ice in 100uL FACS staining buffer. The sample was then washed a 

further three times as described above before acquisition. 
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2.2.4 Dead cell exclusion 

Dead cell exclusions were performed for all flow cytometry analysis, cells were typically 

stained with Zombie Near Infra-Red (Zombie NIR™, Biolegend, CAT # 423106) or 4′,6-

diamidino-2-phenylindole (DAPI, Invitrogen™, CAT # 62248).  

Zombie NIR dead cell exclusions involved 10-minutes incubation at 37⁰C in the dark using 

1µL of a 1 in 64 dilution of Zombie NIR with the sample in 100µL PBS. As Zombie NIR is 

an amine-reactive dye, buffer containing serum would drastically reduce the efficacy of the 

stain, as such Zombie NIR staining was performed before surface marker staining. Zombie 

NIR was typically used for fixed/permeabilised samples. 

For DAPI dead cell exclusions 1µL of a 1:200 dilution in dH2O was added to 100µL sample 

immediately before acquisition.  

 

2.2.5 Flow cytometers used 

 

Cytek™ Aurora and Cytek™ Northern Lights 

When the acquisition was performed on the Cytek™ Spectral analysers (the Northern Lights 

or the Aurora) spectral un-mixing controls consisted primarily of cell controls wherever 

possible. 

Controls for spectral un-mixing were often whole PBMC stained with a single fluorophore as 

per the cell surface marker staining method described prior. 

Compbead™ (BD Biosciences) controls were used when the antigen in question was 

expressed in very low levels in whole PBMC, for instance, antigens such as CD137, CD303 

or CD1c. Compbeads™ are small microparticles coated with anti-mouse immunoglobulin 

kappa. The Compbeads™ were stained and treated the same as the target antigen staining to 

ensure minimal spectral differences. The beads were then washed thoroughly to remove any 

excess fluorophore conjugate antibody as described for surface staining and a single drop of 

negative Compbeads™ (lacking the immunoglobulin-kappa) were added. For any tandem 

dyes, fresh Compbeads™ were made up using the antibody intended for use in the 

experiment. This was done to avoid any spectral difference between different lots of tandem 

dyes. 

When compensation was performed on the Cytek™ instruments an important control was the 

unstained cell control which allowed subtraction of cellular autofluorescence and was 

required for any experiments that were to be acquired on the Cytek™ spectral instruments. 
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BD Accuri™ C6 

The acquisition was performed on the BD Accuri™ C6 following MACS cell isolations. 

Acquisition on the Accuri was only ever to a single fluorophore to target cell populations 

characteristic marker (e.g. CD14-FITC) and was used to assess if the purity of a MACS sort 

was ≥ 90%. 

 

2.2.6 Data acquisition 

Cells were acquired on either the Cytek™ Aurora/Northern Lights (Cytek Biosciences) or the 

BD Accuri™ C6. Before acquisition on the Cytek™ Northern Lights/Aurora spectral 

unmixing was applied. 

Depending on the number of cells in each sample between 10,000 and 2,000,000 events were 

recorded using Spectroflo® Software (Cytek Biosciences) on the Cytek™ Northern 

Lights/Aurora or Accuri C6 software when samples were acquired on the BD Accuri. 

 

2.2.7 Data analysis 

Flow cytometry data (in the form of .fcs files) was exported following acquisition and 

subsequently analysed using FlowJo™ (Tree star) V10.6. Various gating strategies were 

applied depending on the cell population to be examined. However, all analyses utilised the 

same initial gating strategy to select for single, live cells as detailed below in figure 2.1 (with 

the addendum that sometimes DAPI was used instead of Zombie NIR as shown). Following 

gating to select for live single cells, a multitude of different gating strategies were then 

applied depending on the marker or markers to be assessed within a given experiment. 
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A stepwise diagrammatic representation of how flow cytometry data files were gated 

throughout this project. (A) Gate excluding inaccurate events resultant from “bad flow” 

events such as the end of the tube or sample line clogs. (B) Selection of cells of interest (C 

and D) Isolation of single cells based on forward and side scatter properties/ exclusion of 

doublet cells (E) Exclusion of dead cells with a Live/Dead marker (Zombie NIR is shown 

here).  

A B 

E C D 

Figure 2.1 Typical Flow cytometry gating strategy through to single live cells. 

E 
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2.2.8 In house antibody conjugation 

Some of the antibodies for flow cytometry used throughout this project were only 

commercially available as unconjugated antibodies in the desired clones. When these 

antibodies were used for larger flow cytometry panels labelling via indirect flow cytometry 

was impractical, so antibodies were custom conjugated using APEX labelling kits. APEX 

labelling kits involve the use of a resin column to covalently link a fluorescent dye (typically 

an Alexa Fluor®) to an IgG antibody. The resin column was first hydrated with 100µL wash 

buffer provided in the APEX kit, all flow through the column was immediately discarded. 10-

15µL of the desired IgG antibody to be labelled was then applied to the column where it was 

held in the resin bed. Once the antibody was held in the resin bed 10µL of the fluorescent dye 

was then added following reconstitution in DMSO and labelling buffer provided in the kit. 

The column was then incubated overnight at 4⁰C protected from light. The following day 

40µL of elution buffer (provided in the kit) was applied to the column and the solution was 

eluted into a clean 1.5mL microcentrifuge tube (Eppendorf™) containing 10µL neutralisation 

buffer provided in the APEX kit. 

As the efficacy of labelling using APEX kits can be variable all antibodies conjugated in this 

way were titrated before use, and all APEX labelled antibodies were used within 2 weeks of 

labelling. 

2.2.9 Antibody titrations  

Frequently throughout this project fluorophore-conjugated antibodies had to be titrated before 

use. This was done by staining an appropriate number of cells relative to the intended 

downstream application in 100µL total staining volume with varying concentrations of 

fluorophore-conjugated antibody. Typically, titrations were performed assessing doses of; 

5µL, 2.5µL, 1.25µL, 0.625µL and 0.3125µL. Data was then visualised as a concatenated 

figure (figure 2.2 shown below), staining index was then calculated using equation 2.1 below. 

 
Equation 2.1: Calculation for calculating Stain Index from antibody titrations 
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The dose with the best staining index was then used for all downstream applications of the 

antibody titrated. 

 

Figure 2.2: Representative titration analysis 

Representative plot of a concatenated workspace of titration data showing a titration of 

BDCA2-BV711 in resting PBMC. Stain index calculated off the gated positive and negative 

populations. 

2.2.10 Statistical analysis 

Statistical analyses of flow cytometry data following analysis in FlowJo was performed with 

GraphPad Prism V8.0. This statistical analysis was typically based on either total Mean 

fluorescence intensity (MFI) or percent positive cells of a marker of interest. For calculation 

of normalised spectral signatures, Microsoft® Excel was used to subtract the MFI in each 

channel recorded for the negative population from the positive population. The change in 

MFI across all channels was then divided by the change in MFI value from the peak channel 

for a given fluorophore to give a value from 0-1 for the normalised signal to noise across all 

channels.  



41 
 

2.3 Immunocytochemistry methods 

2.3.1 Sample preparation 

Routinely, T lymphocytes were stained using immunocytochemistry (ICC) techniques. All 

immunocytochemistry results obtained throughout this thesis are representative of three 

independent experiments with at least 3 different donors to ensure results could not 

reasonably be explained by the variability commonly observed in immunological studies 

between donors. 

 

ICC was routinely carried out on T lymphocytes in an 8 chamber Nunc™ Lab-Tek™ II 

Chamber Slide™ System (Thermo Scientific ™). The wells were pre-treated with 0.1mg/mL 

Poly-D-lysine hydrobromide (Sigma-Aldrich, CAT # 27964-99-4) diluted in dH2O for 30 

minutes then washed with PBS before the addition of cells to ensure adherence of the T 

lymphocytes to the well. 

Cell suspensions were then placed into the desired wells and the plate or chamber slide was 

centrifuged at 400rpm for 10 minutes to adhere cells to the base of the wells. Each well was 

then washed with 400µL of PBS which was then aspirated to remove any excess serum. 

Cells were then fixed with the addition of 4% paraformaldehyde for 10 minutes. Cells were 

then washed three times with PBS then blocked using a solution of 10% HS, 0.01% saponin 

(Sigma-Aldrich™, CAT # 8047-15-2) and 0.25% casein (Sigma Aldrich™, CAT # 9000-71-

9) for 60 minutes at room temperature.  

 

Once the cells were blocked, the primary antibodies (table 2.2 below) were applied to the 

sample diluted in a solution of 10% HS with 0.01% saponin in PBS. Primary antibodies were 

either applied overnight at 4⁰C or room temperature for an hour. Following the primary stain, 

the sample was washed three times in PBS supplemented with 0.01% saponin to remove 

unbound primary antibodies, then secondary antibodies (table 2.3 below) were added in a 

solution of 10% HS in PBS with 0.01% saponin for 60 minutes at room temperature protected 

from light. The cells were then washed three times with PBS to remove any unbound 

secondary antibodies. Chamber Slide™ Slides were left to air-dry at room temperature 

covered for 30 minutes protected from light following removal of chamber slide walls. The 

slide was then mounted using ProLong™ Gold Antifade Mountant (Invitrogen™) and 

covered with Series 1 No. 1 Coverslips (Trajan Scientific and Medical™).  

 



42 
 

2.3.2 Antibodies used for Immunocytochemistry 

 

Primary antibodies 

Table 2.2: Primary antibodies used for ICC 

Antigen Dilution 

used 

Isotype Clone Catalogue 

Number 

Company 

BLIMP1 1:100 Mouse IgG1 ROS195G 648202 Biolegend 

BLIMP1 1:100 Rat IgG2a 6D3 sc-47732 Santa Cruz Biotech 

CD3 1:100 Rabbit IgG1 MRQ-39 103A-95 Cell Marque 

CD3 1:100 Mouse IgG1 UCHT-1 555330 BD Biosciences 

Desmin 1:100 Mouse IgG2b RD301 550626 BD Biosciences 

ER-TR7 1:100 Rat IgG2a ER-TR7 Ab51824 Abcam 

FoxP3 1:100 Mouse IgG1 150D 320001 Norrie Biotech 

FoxP3 1:100 Rat IgG2a PCH101 14-4776-82  eBioscience 

IL-10 1:100 Mouse IgG2b E10 sc-8438 Santa Cruz Biotech 

TGFβRII 1:100 Mouse IgG2a E6 sc-17792 Santa Cruz Biotech 

 

Secondary antibodies 

Table 2.3: Secondary antibodies conjugated to fluorophores used for ICC 

All secondary antibodies used for immunohistochemistry were raised in goat. 

Antigen Fluorophore Dilution Catalogue  

Number  

Company 

Mouse IgG1 Alexa Fluor 488 1:200 A-21121 Life Technologies 

Mouse IgG1 Alexa Fluor 555 1:200 A-21127 Invitrogen 

Mouse IgG1 Alexa Fluor 647 1:200 A-21240 Invitrogen 

Mouse IgG2a Alexa Fluor 647 1:200 A-21241 Invitrogen 

Mouse IgG2a Alexa Fluor 488 1:200 A-21131 Life Technologies 

Mouse IgG2b Alexa Fluor 555 1:200 A-21147 Invitrogen 

Rat IgG Alexa Fluor 555 1:200 A-21434 Life Technologies 

Rat IgG Alexa Fluor 647 1:200 A-21247 Molecular Probes 

Rabbit IgG Alexa Fluor 555 1:200 A-11008 Invitrogen 

Rabbit IgG Alexa Fluor 647 1:200 A-21245 Life Technologies 
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2.3.3 Microscopy 

Two main microscopes were used throughout this thesis, routinely the Leica DMI3000 B 

inverted microscope was used for cell counting and checking cultures for confluency or any 

potential contaminants. For fluorescent microscopy, the Nikon Eclipse Ni-U upright 

microscope with DAPI, GFP, TRITC, Cy5 and Cy7 filter cubes was routinely used. This 

microscope was equipped with Spot software and a 1.4-megapixel Spot Pursuit Slider 

camera. All images were captured as multiple single-channel images in each region of 

interest across all channels stained. Microscopy images are represented as times objective 

wherein the objective lens on both instruments was 10x. 

 

2.3.4 Image analysis 

Cytosketch (Cytocode) was typically used to compile and visualise images from single-

channel pictures throughout this thesis. Cytosketch was used primarily to overlay the images 

taken in individual channels obtained on the Nikon Eclipse Ni-U and obtain a more complete 

image of the fluorescence labelling in the region of interest.  

When quantified data was required from the Nikon Ni-U, ImageJ was used to more 

comprehensively analyse the results of fluorescent microscopy images. Analysis in ImageJ 

involved drawing boundaries around cells of interest and exporting the mean fluorescence 

from these cells in a single channel at a time. This MFI of a specified region of interest then 

had the MFI of randomly sampled sections of background subtracted to give a total MFI. The 

MFI was calculated this way for samples and the secondary only control. The total MFI was 

then exported for statistical analysis in Graph Pad Prism V8.0.  

 

2.3.5 Statistical analysis 

Image analysis in Graphpad Prism V8.0 was performed based on MFI of markers of interest 

localised within a given area of the cell (for instance MFI of FoxP3 was calculated based on 

MFI from cell nucleus not entire cell). The data was then typically quantified as a change in 

cell MFI between conditions. When the MFI values of two different markers were to be 

compared typically the co-expression of these markers was to be assessed either with 

regression analysis or a Costes’ co-localization analysis to determine the degree to which one 

marker is co-expressed with another.  For some analyses a one-way analysis of variance 
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(ANOVA) was used to compare multiple populations before all one-way ANOVA’s a 

Brown-Forsythe test was performed to ensure equal variances.  

2.4 Standard Immunological methods 

 

2.4.1 Cell Counting 

Cell counting was performed by transferring 10µL of the sample into a 1.5mL 

microcentrifuge tube (Eppendorf®) and mixing thoroughly with 10µL of 0.4% Trypan Blue 

(Gibco™). 10µL of this mixture was then pipetted onto a Neubauer improved bright-line 

haemocytometer (Boeco Scientific®) then mounted with a coverslip (Marienfeld). 

Cells were then counted on a Leica DMI3000 B Microscope at 40x objective and total cell 

count was estimated as per equation 2.2 below used to calculate total cell number in each 

sample. 

 

 

2.4.2 Labelling cells with amine-reactive dyes 

 

Routinely throughout the project cells were labelled with the amine-reactive dye Cell Trace™ 

Violet (CTV) Cell Proliferation dye (Thermo Fisher Scientific, CAT # C34557).  CTV is a 

membrane-permeable dye that covalently binds free amines in the cell allowing for a stable 

and long-lasting signal over a prolonged period in culture. CTV dye splits evenly between 

daughter cells (diagrammatically represented in figure 2.3 below) upon cellular division 

allowing for a reliable estimate of cell proliferation without the toxicity associated with CFSE 

(Lašt’ovička, Budinský, Špíšek, & Bartůňková, 2009) which can then be easily interpreted on 

an appropriate flow cytometer as shown in figure 2.4.   

Equation 2.2: Equation for estimation of total cell count using a haemocytometer 
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Each successive division causes the cells to halve their respective CTV signal, this can be 

assessed with flow cytometry as seen below in figure 2.4 and multiple divisions can be easily 

discerned as a measure of cellular proliferation within a given context. 

 

 

 
Figure 2.4: Histogram representation of dividing cells stained with Cell Trace Violet  

When assessed by flow cytometry each peak corresponds to another division of the cell. In 

this way, flow cytometry can be used to track changes in cell proliferation in response to 

various stimuli. 

 

Figure 2.3: Division of cells stained with Cell Trace Violet 
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To stain with amine-reactive dyes, cells to be stained were suspended in serum-free media 

(typically RPMI) at a concentration of 1 million cells/mL and stained at 37℃ for 20 minutes 

protected from light. The concentration of CTV to be used was based on the cell type being 

stained and the flow cytometer the cells were to be acquired on. Typically for T lymphocytes 

on the Cytek® Aurora, a staining concentration of 2.5µM/mL CTV/1 million cells was used 

(half recommended manufacturer dose). Following staining, the dye was quenched by adding 

media containing serum so that any free dye would bind to free proteins in the serum.  

The sample was then centrifuged at 400rpm for 10 minutes and the supernatant was aspirated 

to remove any excess dye. Stained cells were then suspended in serum-containing media and 

counted again as this process typically caused cell death, albeit to a limited degree. 

 

2.4.3 T lymphocyte bead activation 

Routinely throughout this project, Dynabeads® Magnetic beads (Thermo Fisher Scientific®, 

CAT # 11131D) were used to activate T lymphocytes. Dynabeads® are paramagnetic beads 

that are coated with anti-CD3 and anti-CD28 antibodies that allow for in vitro activation of T 

lymphocytes. Dynabeads® were typically added to T lymphocyte cultures for up to 48 hours 

at a ratio of 1 Dynabead® per T cell, then removed with a Dynal MPC™-S (Invitrogen) 

magnet. 

 

Occasionally, in-house beads were used which involved labelling of CELLection™ (Thermo 

Fisher Scientific®, CAT # 11531D) pan mouse immunoglobulin G (IgG) beads with the 

desired antibodies, this was primarily used to assess the effects of varying concentrations of 

CD28 co-stimulation on T lymphocytes. 

Labelling of these in-house beads was done by incubating the CELLection™ beads with 

varying doses of the desired antibody for 30 minutes in 1mL R0 followed by a 20-minute 

blocking step with media containing 10% serum (typically RF10). In-house beads were added 

to cultures within 24 hours of labelling. 

 

2.4.4 Standard time course assay 
Routinely throughout this project, time course assays were performed to examine changes 

over time in cellular phenotype. Regardless of the feature being examined time course assays 

were always established similarly. T lymphocytes to be assayed were plated into respective 

wells for the time point to be assessed with two wells assigned to each time point as technical 
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replicates. The entire well was harvested for a given assay and for all time course assays an 

initial reading was taken to establish a baseline measurement. 
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Results 
Chapter 3  The effects of TGFβ on T lymphocyte functionality 

 

3.1 TGFβ does not inhibit T lymphocyte proliferation and activation during Dynabead® 

mediated activation. 

 

TGFβ is described as one of the most potently immunosuppressive factors within tumours 

(Kirkbride & Blobe, 2003). However, due to the highly varied effects elicited by TGFβ and 

the conflicting literature regarding these roles, it is integral to determine the precise effects of 

TGFβ on T lymphocyte functionality. The goal of this chapter was, therefore, to utilise a 

variety of in vitro assays to succinctly determine which T lymphocyte properties are most 

potently modulated in the presence of TGFβ. 

One commonly cited effect of TGFβ on T lymphocytes is inhibition of T lymphocyte 

proliferation in the presence of TGFβ. As mentioned, previously, there is some discrepancy 

within the literature about how TGFβ impacts T lymphocyte proliferation in the presence or 

absence of CD28 co-stimulation, as such, this was examined first.  

The purpose of these first experiments was to establish how TGFβ affects T lymphocytes in 

the presence of co-stimulation provided through CD28. Proliferation was measured via Cell 

Trace Violet (CTV) signal as detailed in chapter 2.4.2. CTV signal was assessed immediately 

following CTV staining, then at days 3,5 and 7 to measure rates of proliferation between T 

lymphocytes stimulated as per chapter 2.4.3 in the presence and absence of exogenous TGFβ.  

This assay was performed with naïve T lymphocytes (CD45RA+, CD45RO-, CD3+) isolated 

from frozen human PBMC via magnetic separation as per chapter 2.1.6. The initial focus on 

naïve T lymphocytes was based on reports that TGFβ can inhibit the activation of naïve T 

lymphocytes in an antigen-specific context while sustaining the function of memory T 

lymphocytes (Filippi et al., 2008). Therefore, inhibition of proliferation upon T lymphocyte 

activation induced by TGFβ should be more pronounced in naïve T lymphocytes relative to 

unsorted “pan” T lymphocytes. Commercial stimulatory beads (Dynabeads®) are available 

that provide stimulation to T lymphocytes via anti-CD3 and co-stimulation via anti-CD28 on 

a surface that mimics the surface of a traditional APC. The response of cells activated using 

Dynabeads® in the presence of TGFβ (supplemented to media at 5ng/mL) and IL-2 

(supplemented to media at 5ng/mL) was examined. Purified naïve T lymphocytes did not 
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exhibit any significant changes in proliferation rate between control and TGFβ treated 

conditions when stimulated with Dynabeads® in the presence of 5ng/mL IL-2 as shown 

below in figure 3.1 as assessed by flow cytometry of CTV signal. 

 

From this result, we concluded that with this experimental design TGFβ exhibited no 

significant effect on proliferation of T lymphocytes in the presence of CD28 co-stimulation 

and IL-2. We then examined whether inhibition of T lymphocyte activation in the presence of 

TGFβ could be observed when T lymphocytes were stimulated in the absence of CD28 co-

stimulation typically provided on commercial Dynabeads®. 

TGFβ has been reported to reduce the expression of the activation marker CD137 on CD8+ T 

lymphocytes (Y. J. Kim et al., 2005) when said T lymphocytes are stimulated with specific 

antigen or anti-CD3 antibodies.  

We then hypothesised that TGFβ, when supplemented to the media at 10ng/mL would not 

affect CD137 expression when naïve T lymphocytes were stimulated with Dynabeads® due 

to the CD28 co-stimulation provided by anti-CD28 antibodies present on conventional 

Dynabeads®. We assessed this hypothesis by stimulating T lymphocytes in the presence of 

5ng/mL IL-2 as per chapter 2.4.3 and using flow cytometry to assess CD137 signal as per 

chapter 2.2.1 This hypothesis was supported by our results, with TGFβ treatment appearing 

to have no discernible effect on the expression of CD137 in activated naïve T lymphocytes in 

most donors examined as shown below in figure 3.2.  

 

The conclusion from these experiments was that TGFβ treatment did not elicit any observable 

effect on naïve T lymphocyte proliferation or activation (as assessed by CD137 expression) 

in the presence of CD28 co-stimulation provided by conventional Dynabeads®. 

These results were interesting as it appeared that co-stimulation via CD28 acted to potently 

override the TGFβ signal in naïve T lymphocytes.  
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Figure 3.1: CTV signal of naive T lymphocytes activated in the presence of CD28 co-

stimulation 

Representative histograms showing Cell Trace Violet signal of naïve T lymphocytes activated 

with conventional dynabeads (as detailed in methods 2.4.3) in the presence of 5ng/mL IL-2 

and the presence or absence of TGFβ (10ng/mL) on day 5 post-activation. The control 

condition is shown in blue, TGFβ treated condition is shown in red with vertical line 

delineating undivided fraction showing no evident differences between conditions. 

Histograms are representative of 3 individual experiments with 3 different donors. 
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Figure 3.2: Expression of CD137 on T lymphocytes activated in the presence or absence 

of TGFß. 

Column graphs showing expression of CD137 as assessed by flow cytometry, on naïve T 

lymphocytes activated for 48 hours in the presence of TGFβ (10ng/mL, shown as white 

columns) or control (shown as grey columns). Activation was performed using conventional 

dynabeads (as per methods 2.4.3) in the presence of 5ng/mL IL-2. P-value from a two-way 

ANOVA of 0.7370. 5 donors were assessed across 2 individual experiments. Gating used to 

define CD137+ shown in appendix figure 7.2. 
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3.2 The effect of the absence of CD28 co-stimulation on TGFβ mediated suppression of 

T lymphocyte activation 

 

It was then of interest to examine how T lymphocyte activation in the presence of TGFβ and 

exogenous IL-2 (5ng/mL) would respond when co-stimulation provided by anti-CD28 was 

removed.  

The most accurate way to replicate initial experiments with the exclusion of CD28 co-

stimulation provided by conventional Dynabeads® was to perform a bead-based stimulation 

with beads coated in only anti-CD3 antibodies. To do this, in-house beads were made with 

the CELLection™ Pan Mouse IgG kit (Invitrogen™) coated with a mouse anti-human CD3 

antibody (mouse anti-human CD3, UCHT1). To validate the binding of the anti-CD3 

antibody to the CELLection beads, flow cytometry was performed using an Alexa Fluor 488 

conjugated anti-mouse IgG1 antibody (A-21121, Life Technologies) as shown below in 

figure 3.3 showing that the CELLection beads selectively bound the Anti-CD3 antibody. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Flow cytometry diagram to validate CD3 binding to beads. 

A flow cytometry diagram showing binding of an anti-CD3 antibody to CELLection beads. 

Beads alone in black, secondary only in grey and the full stain is shown in green verifying the 

binding of the anti-CD3 antibody to CELLection beads. 
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Anti-CD3 only beads were found to bind and induce the proliferation of T lymphocytes in 

culture (Appendix figure 7.1) albeit with less efficacy than conventional Dynabeads®. 

The CELLection anti-CD3 beads were used to activate naïve T lymphocytes in the presence 

or absence of TGFβ as per chapter 2.4.3 and the proliferation of purified naïve T lymphocytes 

was assessed at day 13 post-activation via CTV assessed by flow cytometry as per chapters 

2.4.2. Proliferation was assessed at day 13 due to the observation that removal of the CD28 

co-stimulation caused the cells to take significantly longer to begin to divide to a significant 

degree. CTV signal showed a substantial difference in proliferation between TGFβ treated 

and control samples in the absence of CD28 co-stimulation as shown below in figure 3.4. 

This was demonstrated with differences in percent proliferated with the percent divided cells 

typically 6.5 ± 0.8% higher in the control group relative to the TGFβ treated group. 

 

Following on from this result, we examined the effect of TGFβ on the expression of CD137 

in the absence of CD28 co-stimulation. This was done by using flow cytometry to assess the 

expression of CD137 every 12 hours from 24-76 hours post-activation in a typical time 

course assay as per chapter 2.4.4. A substantial decrease in CD137 expression was seen in the 

TGFβ treated condition relative to the control condition in both donors tested with the most 

prominent difference observed at 48 hours post-activation as shown below in figure 3.5. 

The results above suggest that CD28 co-stimulation acts to abolish the inhibitory effects of 

TGFβ on T lymphocyte activation (as assessed by expression of CD137) and proliferation.  

 

These results support the observation of some groups that CD28 co-stimulation can act to 

override the inhibitory effects of TGFβ (Gunnlaugsdottir et al., 2005; Koehler et al., 2007).   

While the above experiments were performed on naïve T lymphocytes the possibility cannot 

be excluded that many of the dividing cells shown here are a memory T lymphocyte 

population that may have also been present in the cultures. Naïve T lymphocyte magnetic 

bead preparations were not used for any assays if the purity of the cells post magnetic bead 

prep was below 90% (data not shown, purity typically ≥95%). While this is a substantial 

purity, up to 10% of these cells may potentially be contaminating memory cells that may be 

skewing these analyses. Even so, these experiments suggested that TGFβ exhibited an 

inhibitory effect on T lymphocyte activation and proliferation in the absence of CD28 co-

stimulation, but TGFβ showed minimal impact in the presence of CD28 co-stimulation. 
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Figure 3.4: Cell Trace Violet signal in anti-CD3 activated T lymphocytes at day 13 

Representative histograms showing the effect of TGFβ on the proliferation of naïve T 

lymphocytes. Cells were activated in the absence of CD28 co-stimulation provided from 

dynabeads in the presence of 5ng/mL IL-2. Shown here is a substantial change in 

proliferation between control (shown in blue) and 10ng/mL TGFβ (shown in red) treated 

conditions. Also shown is non-activated (rested in 5ng/mL IL-2) showing background 

proliferation in the absence of TGFβ (purple). Histograms are representative of 3 individual 

experiments with 3 different donors. 
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Figure 3.5: Kinetics of CD137 expression following exposure to beads coated with anti-

CD3 only, in the presence or absence of exogenous TGFβ. 

Line graph showing expression of CD137 as assessed by flow cytometry gated on CD8+ T 

lymphocytes, error bars are representative 95% C.I from mean This assay was performed on 

naïve T lymphocytes activated for 48 hours in the presence of TGFβ (10ng/mL) or control. 

Activation was performed using CD3-only CELLection beads in the presence of 5ng/mL IL-2. 

2 donors tested with 2 technical replicates each. Gating used to define CD137+ shown in 

appendix figure 7.2. 
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3.3 The effects of differential CD28 co-stimulation on TGFβ function 

 

To investigate the effect of CD28 co-stimulation on T lymphocyte function in the presence of 

TGFβ further, we then sought to examine the concentration of anti-CD28 at which the 

inhibitory effects of TGFβ on various effector molecules are negated. 

To assess the effect of CD28 co-stimulation on T lymphocyte effector function in the 

presence of TGFβ, CELLection™ beads were made that would provide varying doses of 

CD28 co-stimulation, including an absence of co-stimulation. To provide varying levels of 

CD28 co-stimulation, CELLection™ Pan Mouse IgG kit (Invitrogen™) beads were treated 

with 1µg/mL anti-CD3 (UCHT1, IgG1) and varying concentrations of anti-CD28 antibody 

(28.2, IgG2a). Immediately following labelling, flow cytometry was used to assess the 

binding of the antibody using an Alexa Fluor 647 conjugated anti-mouse IgG1 antibody and 

an Alexa Fluor 488 conjugated anti-mouse IgG2a. Flow cytometry on these beads showed no 

difference in anti-CD3 binding evident between any tested concentration of anti-CD28 

(figure 3.6) and a dose-dependent increase in anti-CD28 signal (Figure 3.7) showing that at 

increasing doses of anti-CD28 there was no change in anti-CD3 retention and a dose-

dependent increase in anti-CD28 retention. As such, these beads could be used to examine the 

effects of different levels of co-stimulation in the presence of consistent TCR stimulation. 

 

 

 

 

 

 

 

Figure 3.6: Levels of anti-CD3 on beads that are also exposed to different 

concentrations of anti-CD28 

Flow cytometry histograms showing that across all concentrations of anti-CD28 tested 

binding of anti-CD3 remained constant Showing 2µg anti-CD28 in green, 1µg anti-CD28 in 

orange, 0.5µg anti-CD28 in blue and 0µg anti-CD28 in red.  



57 
 

 

Flow cytometry histograms showing a dose-dependent increase in bead-bound anti-CD28 

with increasing dose of anti-CD28 showing that the CELLection® beads had bound a 

constant level of anti-CD3(figure 3.6 above) but had different levels of anti-CD28. Showing 

2µg anti-CD28 in green, 1µg anti-CD28 in orange, 0.5µg anti-CD28 in blue and 0µg anti-

CD28 in red. 

Following validation, these beads were used to assess the effects of TGFβ with various levels 

of CD28 co-stimulation on various T lymphocyte effector molecules. Pan T lymphocytes 

were stimulated with custom made beads as per chapter 2.4.3 in the presence of 5ng/mL 

exogenous IL-2 for 48 hours. Cells were then stained as per chapter 2.2.2 for expression of 

perforin, granzyme B and PD-1 in pan T lymphocytes as these are all functionally relevant 

molecules that have well-documented interactions with TGFβ (Lewis, Wehrens, Labarta-

Bajo, Streeck, & Zuniga, 2016; B. V. Park et al., 2016; Smyth, Strobl, Young, Ortaldo, & 

Ochoa, 1991; Thomas & Massagué, 2005). Effector function in the presence of varying 

concentrations of anti-CD28 was assessed in three individual experiments on at least three 

different donors shown below in figure 3.8 with representative flow cytometry plots also 

shown in figure 3.9 below.  

For all these effector molecules TGFβ treatment induced a visible and discernible difference 

from the control, almost always regardless of the concentration of CD28 co-stimulation 

provided. Interestingly, the relative change in expression of PD-1, if not total expression, 

between control and TGFβ treated appeared to increase with increasing CD28 co-stimulation. 

The inhibitory effect of TGFβ on Granzyme B in this experiment was particularly 

Figure 3.7: Levels of anti-CD28 on beads exposed to constant concentrations of 
anti-CD3 
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pronounced and may be useful in future studies as a marker of TGFβ mediated inhibition of T 

lymphocytes. The only exception observed, where CD28 co-stimulation did over-ride the 

effects of TGFβ was in the case of perforin. At a dose of 2.0µg/mL anti-CD28 removed the 

inhibitory effect of TGFβ (P=0.2376 from a Tukey posthoc analysis of a one-way ANOVA). 

This observation could suggest that at high doses of CD28 co-stimulation, the reduction of 

perforin signal by TGFβ is removed. This hypothesis would, however, require further work to 

verify. 

 

 

 

 

 

 

 

 

A 
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 Figure 3.8: Response of Perforin, Granzyme B and PD-1 to TGFß in the presence of 

varying concentrations of CD28 co-stimulation. 

Changes in the relative expression of various effector molecules upon exposure to TGFβ 

(10ng/mL) when stimulated with CELLection beads custom labelled with varying 

concentrations of αCD28. T lymphocytes were activated using the in-house conjugated beads 

for 48 hours without any exogenous cytokines. Assessed here is changes in PD-1 (A), 

Granzyme B (B) and perforin (C).  All changes in expression are represented relative to the 

control anti-CD3 stimulated only. *P=0.01-0.05, **P=0.001-0.01 all shown with error bars 

representing 95% C.I. from the mean. All conditions are cumulative of at least three donors 

from 3 individual experiments. 
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Figure 3.9: Flow cytometry plots showing changes in expression of PD-1,  Granzyme B 
and Perforin to varying concentrations of CD28 Co-Stimulation 

Representative flow cytometry plots showing changes in expression of Granzyme B (A), 

Perforin(B) and  PD-1 (C) in response to varying concentrations of CD28 co-stimulation. 

Compared here are the TGFβ treated and TGFβ untreated conditions for one donor. 

 

3.4 Effects of long-term exposure to TGFβ on cytokine production  

 

We aimed to assess the impact of TGFβ on the expression of various effector cytokines 

following long term TGFβ exposure. Naïve T lymphocytes were activated with Dynabeads® 

in the presence of 5ng/mL IL-2 for 48 hours and cultured in the presence of exogenous TGFβ 

(5ng/mL) for 30 days. All cultures maintained for longer than 30 days exhibited a drastic 

reduction in viability (data not shown). This long-term culture was then followed by re-

stimulation with PMA/Ionomycin in the presence of monensin and Brefeldin A to induce 

cytokine production that was kept intracellularly. Intracellular flow cytometry was performed 

to IFN-γ, TNF-α and IL-2 as per chapter 2.2.2 and the effects of TGFβ on production upon 

re-stimulation of IFN-γ, TNF-α and IL-2 were shown below in figure 3.10. 

 

Across all tested donors, long term exposure to TGFβ induced a strong decrease in IFN-γ 

production (P=0.0010 from a two-way ANOVA), a slight decrease in the production of TNF-

α was evident (P= 0.0334 from a two-way ANOVA), but no change in IL-2 production was 

observed (P= 0.1542 from a two-way ANOVA). These results were consistent with the 

literature consensus and indicate that the production of IFN-γ is an effective indicator of 

TGFβ exposure in human T lymphocytes. 

 

The most measurable effects of TGFβ on T lymphocytes function in vitro were observed on 

long term activated T lymphocytes as measured by IFN-γ. These results suggest that TGFβ 

primarily acts to inhibit memory and effector cells rather than naïve T lymphocytes. We, 

therefore, sought to examine a clonal antigen-specific T lymphocyte line in order to assess 

the effects of TGFβ on antigen-specific stimulation in the absence of CD28 co-stimulation. 
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Production of various effector cytokines upon re-stimulation when cultured in the presence or 

absence of TGFβ (5ng/mL). Cultures were re-stimulated with PMA/Ionomycin in the 

presence of monensin and Brefeldin A and stained for intracellular cytokine production. 

Cytokines shown are (A) IFN-γ showing a strong decrease in the presence of TGFβ, (B) TNF-

α showing a slight decrease in the presence of TGFβ and (C) IL-2 showing no change 

between conditions. 3 donors tested from one individual experiment. 

 

 

 

3.5 Effect of TGFβ treatment on activation of a clonal CD8+ line for melan-A26-35 (HLA-

A2 restricted epitope EAAGIGILTV) 

 

To assess the response an effector/memory T lymphocyte is likely to exhibit in the presence 

of TGFβ a clonal CD8+ T lymphocyte line specific to a known melan-A peptide was used. 

This T lymphocyte line is readily activated with exposure to its cognate peptide (melan-A26-35 

EAAGIGILTV) which has been shown to bind to HLA-A2. High dimensional flow 

cytometry was then used to assess the effects that exogenous TGFβ (10ng/mL) exerted on the 

activation of this clonal CD8+ T lymphocyte line. This experiment intended to examine the 

effects TGFβ will exert on T lymphocyte function using a more physiological stimulus than 

the stimulation provided via anti-CD3 used previously. The phenotype of these clonal CD8+ 

T lymphocytes was assessed using the flow cytometry panel shown below in Table 3.1.  

 

 

 

 

 

 

Figure 3.10: Cytokine profiles of pan T lymphocytes following re-stimulation in the 
presence or absence of TGFβ 
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Table 3.1: Flow cytometry panel used to explore the effects of TGFß on antigen-specific 
activation. 

Fluorophore Antigen Clone Cat# Company Dose (µL) 
BB515 CD25 M-A251 565096 BD BioSciences 5 
PerCP HLA-DR L243 307628 Biolegend 2.5 
PerCP/Cy5.5 CD28  28.2 302922 Biolegend 1.25 
PE LRRC32 7B11 52503 Biolegend 2.5 
PE/CF594 PD-1 EH12.1 565024 BD BioSciences 5 
PE/Cy5 CD127 A019D5 351324 Biolegend 0.625 
PE/Cy7 PD-L1 29E.2A3 329718 Biolegend 1.25 
Alexa Fluor® 647 CCR4 L291H4 359404 Biolegend 5 
APC CD39 A1 328210 Biolegend 1.25 
Alexa Fluor® 700 CD69 FN50 310922 Biolegend 0.25 
APC/Fire™ 750 CD137 4B4-1 309834 Biolegend 1.25 
Near IR  Zombie NIR   423106 Biolegend 1:6400 
BV421™ CCR7 G043H7 353208 Biolegend 5 
BV650™ CXCR3 G025H7 353730 Biolegend 1.25 
BV711™ CXCR5 J252D4 356934 Biolegend 1.25 
BV750™ CD56 5.1H11 362556 Biolegend 0.6 
BV785™ CD73 AD2 344027 Biolegend 2.5 
Qdot 800 CD8 3B5 Q22157 Biolegend 0.6 

 

The clonal population was activated for 16 hours by addition of the cognate antigen 

(EAAGIGILTV polypeptide) as free peptide at a concentration of 5µM in the presence of 

5ng/mL IL-2. Under these conditions, the peptide will bind to the HLA-A2 molecule on 

adjacent CD8+ clonal CD8+ T lymphocytes within the culture inducing strong activation in 

most cells with some killing of neighbouring cells also likely within the culture (“T cell 

fratricide”).  The phenotype of the surviving cells was then examined by flow cytometry as 

per chapter 2.2.1 using the panel shown above (Table 3.1)  

Activation in these clonal CD8+ T lymphocytes was assessed based on the expression of the 

markers CD25 and CD137. T lymphocytes not exposed to cognate antigen exhibited minimal 

expression of these markers (figure 3.11 below, upper panels). The clonal T lymphocytes 

exposed to cognate antigen had a distinct population of CD137+, CD25+ T lymphocytes after 

16 hours. These clones stimulated in the presence of 10ng/mL TGFβ had a reduced 

population of these activated CD137+, CD25+ T lymphocytes compared to the condition 

stimulated in the absence of exogenous TGFβ as shown below in figure 3.11. 
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Within the activated population, the relative expression of the ectonucleotidases CD39 and 

CD73 was examined. These markers were examined due to the observation that some studies 

implicate CD39 and CD73 as markers of a population of peripherally induced Tregs while 

also showing that these molecules are induced upon T lymphocyte activation. Additionally, 

CD73 expression is maintained in the presence of TGFβ (Deaglio et al., 2007; P. Li et al., 

2018; Mandapathil, Lang, Gorelik, & Whiteside, 2009; Parodi et al., 2013). Both of these 

markers were expressed highly on the resting clonal CD8+ T lymphocytes and the relative 

expression in resting clonal cells was not modulated by TGFβ at rest (Figure 3.12). 

Activation with cognate antigen exhibited negligible upregulation of CD73 in either TGFβ 

treated or vehicle condition in these clones.  However, a greater percentage of these clonal 

CD8+ T lymphocytes expressed high levels of CD39 in the presence of TGFβ relative to 

vehicle control. Although some literature suggested that CD73 would be sustained upon 

activation in the presence of TGFβ (S. Chen et al., 2019) this was not observed, perhaps due 

to the constitutively high level of CD73 expression seen on our unstimulated control (Figure 

3.12).  

Expression of PD-1 and CCR4 were also examined. PD-1 is a highly important therapeutic 

target on activated T lymphocytes within human tumours and modulation of PD-1 expression 

in the presence of TGFβ is well documented. PD-1 was not expressed to a significant degree 

in these clonal T lymphocytes at rest but was potently induced upon exposure to cognate 

antigen (figure 3.13), with a greater induction observed in the presence of TGFβ. Some cells 

were CCR4+ in the resting clonal CD8+ T lymphocyte cultures but the overall expression of 

CCR4 was also increased significantly in the T lymphocytes stimulated with cognate antigen 

in the presence of 10ng/mL TGFβ (Figure 3.13) suggesting T lymphocyte trafficking may be 

modulated by TGFβ. 

Elements of this flow cytometry panel are useful in aiding understanding of how TGFβ is 

likely to affect an effector T lymphocyte upon antigen exposure, especially PD-1. However, 

as these cells were stimulated with free peptide to provide a simple assay examining 

activation with cognate antigen, a proportion of the clonal T lymphocytes will have been 

engaging in T lymphocyte fratricide within these cultures. Future studies into antigen-specific 

T lymphocyte function in the presence of exogenous TGFβ should ideally be performed using 

peptide-pulsed antigen-presenting cells that can be distinguished clearly from the responder 
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cells in flow cytometry analysis. Additionally it is of worth to note that further replicates of 

this analysis are necessary to validate these observations in an antigen specific context. 

 

CD25 and CD137 expression on live clonal CD8+ T lymphocytes (Zombie NIR-) single T 

lymphocytes without and with exposure to cognate antigen (upper and lower panels 

respectively). And with and without exposure to TGFβ (right and left panels respectively).  

There is a distinct reduction in the percentage of activated clones in the TGFβ treated 

condition relative to vehicle control. 

Figure 3.11: Detection of activated clonal CD8+ T lymphocytes with and without 
exposure to cognate antigen, and with and without exposure to exogenous TGFβ. 
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Expression of CD39 and CD73 on clonal T lymphocytes as assessed by flow cytometry. 

Gated on the activated T lymphocyte population as defined above in figure 3.11. TGFβ 

treated condition in the right panels showed a majority of activated T lymphocytes expressing 

both CD39 and CD73. Also shown is the no peptide controls (upper panels) exhibiting high 

expression of CD73 constitutively alongside considerable CD39 expression. 

 

Figure 3.12: Expression of ectonucleotidases CD39 and CD73 in activated clonal T 
lymphocytes.  
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Flow cytometry plots gated on activated CD8+ T lymphocytes as defined above. Showing 

upregulation of CCR4 and PD-1 in clonal cells stimulated in the presence of TGFβ (left) 

relative to vehicle control (right). Gated on the activated T lymphocyte population as defined 

above in figure 3.11. Also shown are the peptide only controls showing a moderate increase 

of CCR4 expression in the clones rested in TGFβ relative to vehicle control. 

 

Figure 3.13: Expression of PD-1 and CCR4 in activated clonal T lymphocytes 
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Overall, the results presented in this chapter illustrate the multiplicity of the effects TGFβ 

exhibits on T lymphocytes at different stages in their development. In a general sense, the 

effects of TGFβ on naïve T lymphocytes exposed to stimulation concurrent with CD28 co-

stimulation are difficult to detect. These effects become clearer to examine when effector 

functions are examined in the absence of CD28 co-stimulation in vitro. These results then 

inform potential understanding of some of the mechanisms regulating anti-tumour T 

lymphocyte responses. Additionally, of interest, these results provide indicators of methods 

that could be used to assess in vitro, the effects of immunosuppression from a TGFβ 

producing Treg population.  These results require further investigation but could provide 

interesting insights in future into the role of TGFβ in antigen specific T lymphocyte 

activation characteristic of the tumour microenvironment. 
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Chapter 4  FoxP3 and BLIMP1  
 

4.1 FoxP3 activation kinetics 

 

FoxP3 is generally considered to be the primary marker delineating the Treg phenotype. 

However, expression of FoxP3 is also induced upon T cell activation via NFAT/AP-1/SMAD 

pathways (Allan et al., 2007; Tone et al., 2008; Walker et al., 2003; J. Wang et al., 2007).  

This observation often confounds studies of Tregs in humans, as a FoxP3 expressing T 

lymphocyte which also exhibits high levels of CD25 may be indicative of an activated T 

lymphocyte. FoxP3 expression has been implicated in TGFβ production from activated T 

lymphocytes and is reported to be associated with expression of the TGFβ binding molecule 

LRRC32 (Tran et al., 2009). To improve the understanding of the relationship between T 

lymphocyte activation and molecules conventionally associated with regulatory function such 

as FoxP3, LRRC32 and BLIMP1, we aimed to examine the expression of these markers 

relative to T lymphocyte activation.  

 

Validation of FoxP3 panel 

The first thing we intended to examine here was the expression of FoxP3 over time in 

response to T lymphocyte activation. To assess this, we needed to accurately define a FoxP3 

positive T lymphocyte. 

Initial flow cytometry panels to detect FoxP3 in human T lymphocytes were validated on 

FoxP3+ T lymphocytes isolated freshly from donor PBMC. As FoxP3+ T lymphocytes are 

conventionally found within the CD4+, CD25+, CD127low population in human blood the 

expression of FoxP3 in this population was compared to the CD4+, CD25low fraction to 

validate FoxP3 staining using flow cytometry as per chapter 2.2.2 as shown below in figure 

4.1, and the FoxP3 positive gate was then used for the time-course experiment. 

It is of worth to note here that CD25 and CD127 were not utilised in the following time 

course experiment as both markers are altered dramatically in culture and particularly in 

response to activation. The CD3 gate was also not required as the cultures used for these 

experiments were magnetic isolated pan T lymphocytes as per chapter 2.1.6 with purity 

>90%. These gates were used purely to ascertain the optimal location for a FoxP3 positive 

gate for future experiments. 
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Validation of staining panel for FoxP3+ T lymphocytes. A flow cytometry panel utilising 

CD25, CD3, CD4, CD8, CD127 and intranuclear FoxP3 staining was employed to assess 

FoxP3 expression upon activation.  

 

 

 

Figure 4.1: Validation of FoxP3 staining using human PBMC  
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A 

 

FoxP3 time course 

 

Once we had established the optimal place to set a FoxP3 positive gate, said FoxP3 positive 

gate was then used to track the expression of FoxP3 over time as per chapter 2.4.4. Purified 

pan T lymphocytes were activated with Dynabeads as per chapter 2.4.3 in the presence of 

high dose IL-2 (10ng/mL). and intranuclear flow was performed as per chapter 2.2.2 to assess 

FoxP3 expression every 24 hours for 72 hours total. These cells were activated in the absence 

of exogenous TGFβ. 

In these experiments, almost all cells became FoxP3+, expression of FoxP3 peaked at 72 

hours post-activation with anti-CD3/anti-CD28 beads in the presence of exogenous IL-2 as 

shown below in figure 4.2. Interestingly, the transient upregulation of FoxP3 was seen 

prominently on both CD4+ and CD8+ T lymphocytes suggesting that activation-induced 

FoxP3 expression is lineage independent.  

It is worthwhile to note here that a high concentration of IL-2 (10ng/mL) but no additional 

TGFβ was used here due to the well-documented need for STAT5 downstream of IL-2 

alongside pSMAD2 and pSMAD3 downstream of TGFβ in the induction of FoxP3 

expression (Cohen et al., 2006; Murawski, Litherland, Clare-Salzler, & Davoodi-Semiromi, 

2006; Zorn et al., 2006).   
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Representative flow cytometry plots of FoxP3 signal over the first 72 hours of anti-CD3/anti-

CD28 bead activation in the presence of 10ng/mL IL-2. Shown above is the CD4+ T 

lymphocyte population (A) and the CD8+ T lymphocyte population (B). More positive events 

can be seen at 72 hours post-activation. Gated on total CD4+ and CD8+ T lymphocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Expression of FoxP3 in activated CD4 and CD8 T lymphocytes 
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4.2 Expression of LRRC32 in CD8+ T lymphocytes 

 

LRRC32 expression upon T lymphocyte activation  

LRRC32 has been reported as a marker of activated FoxP3+ T lymphocytes alongside 

megakaryocytes and platelets (Tran et al., 2009; R. Wang et al., 2009). However, little is 

currently known about the response of LRRC32 to total T lymphocyte activation. To assess 

the relationship between FoxP3 and LRRC32 in response to T lymphocyte activation, pan T 

lymphocytes from donor PBMC were isolated via magnetic preparation as per chapter 2.1.6 

and subsequently activated using Dynabeads® for 24 hours as described in chapter 2.4.3 with 

no IL-2 supplementation. The absence of IL-2 supplementation was to assess whether a 

reduction of FoxP3 expression would be evident given the documented need in murine Tregs 

for IL-2 (Tai et al., 2013b). 

These cells were then stained for flow cytometry at 24 hours post-activation as per chapter 

2.2.2 and the levels of LRRC32 and FoxP3 in CD4+ and CD8+ T lymphocytes were then 

assessed using flow cytometry as shown below in figure 4.3. These experiments identified a 

FoxP3+, LRRC32+ population within the CD4+ T lymphocytes as described in previous 

literature. Interestingly, within the CD8+ T lymphocytes, it appeared that there exists a 

population of LRRC32 positive cells that express LRRC32 independently of FoxP3. 

This population has to the best of our knowledge not been described previously. Notably, the 

percentage of FoxP3+ T lymphocytes post-activation here is quite low. This is likely since 

these T lymphocytes were activated in the absence of exogenous IL-2 which is integral in the 

induction of FoxP3 and activation in the absence of IL-2 is an artificial system unlikely to be 

observed physiologically (Passerini et al., 2008). 

Before activation with anti-CD3/anti-CD28 beads, no expression of LRRC32 was evident in 

the CD8+ T lymphocyte population as shown below figure 4.4, although FoxP3+ cells are 

still present as shown in figure 4.3. This suggests that in CD8+ T lymphocytes at least a small 

subset of these cells express LRRC32 upon exposure to activation stimuli. Additionally, we 

observed a reduction of FoxP3 expression in the absence of IL-2 upon activation relative to 

our previous observations in the presence of IL-2 (figure 4.2). 
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Figure 4.3: Expression of FoxP3 and LRRC32 in activated T lymphocytes. 

Expression of FoxP3 and LRRC32 in anti-CD3/anti-CD28 bead activated T lymphocytes. 

Cells were activated for 24 hours in the absence of exogenous cytokines. CD4+ T 

lymphocytes shown on the left and CD8+ T lymphocytes on the right showing a distinct 

population of LRRC32+ FoxP3- T lymphocytes in the CD8+ population. Also shown here is 

the parent population ensuring no spillover is occurring between CD4+ T lymphocytes that 

LRRC32 expression may be attributed to. These plots are representative of two individual 

experiments examining three donors. 
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Figure 4.4: Expression of LRRC32 on CD8+ and CD4+ T lymphocytes before activation 

Expression of LRRC32 and FoxP3 before activation in purified pan T lymphocytes showing 

negligible expression of LRRC32 in either cell type. Note that FoxP3 expression is low here, 

likely due to resting in the absence of exogenous IL-2 post-MACS preparation. These plots 

are representative of two individual experiments examining three donors. 

Phenotyping of CD8+, LRRC32+, FoxP3- T lymphocytes 

We then sought to further characterise this subset of LRRC32 expressing CD8+ T 

lymphocytes. MACS sorted (as per chapter 2.1.6) CD8+ T lymphocytes were activated with 

Dynabeads® as per chapter 2.4.3 in the absence of exogenous cytokines. Unstimulated 

control was rested in RS5 media for an equivalent length of time as test samples were 

stimulated. At 24 hours the samples were stained for surface and intranuclear markers as per 

chapter 2.2.2.   Phenotypic analysis of this population of T lymphocytes was then performed 

with flow cytometry. This analysis revealed that this population of CD8+ LRRC32+ FoxP3- 

T lymphocytes have increased expression of CD73, CD69 and CD25 relative to the LRRC32- 

FoxP3+ population as shown below in figure 4.5. Despite the differences in CD73 

expression, this analysis did not detect any distinct changes in CD39 expression. From this 

analysis, it is not feasible to conclude definitively what subset of CD8+ T lymphocytes the 

LRRC32+ cells are. However due to the high expression of CD25, CD69 and low expression 

of FoxP3 we can conclude that LRRC32+ CD8+ cells are FoxP3 negative and exhibit an 

activated phenotype. 



79 
 

 

Representative histograms showing differences in CD73, CD39, CD25 and CD69 expression 

of pan T lymphocytes activated in the absence of IL-2. Differences can be observed between 

the unstimulated population (black), LRRC32+ FoxP3- population (blue) and the LRRC32- 

FoxP3+ population (red). Data shown are representative of three donors in one individual 

experiment. 

 

 

 

 

 

Figure 4.5: Expression of various cell surface markers present on LRRC32+ CD8+ T 
lymphocytes. 
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Tracking the early kinetics of LRRC32 

The high levels of CD25 and CD69 (T lymphocyte early activation markers) suggest that 

LRRC32 is becoming induced early in T lymphocyte activation in a small subset of CD8+ T 

lymphocytes. We then sought to track the expression of LRRC32 in early activation to assess 

when the peak of LRRC32 expression in CD8+ T lymphocytes is occurring. To identify the 

peak time point of LRRC32 expression in CD8+ T lymphocytes, a time-course experiment of 

LRRC32 expression was performed as per chapter 2.4.4. Measurements of LRRC32 

expression were taken by flow cytometry as per chapter 2.2.1 every 4 hours over 24 hours 

following Dynabead® activation as per chapter 2.4.3 with no exogenous cytokines and then a 

final measurement at 36 hours post-activation. We found that expression of LRRC32 in 

CD8+ T lymphocytes appears to peak at 20 hours post-activation. However, at this stage, 

there was still only a small subset exhibiting expression of LRRC32 with only 2.5% of these 

activated CD8+ T lymphocytes expressing LRRC32.  

There appears to be a solid population of LRRC32+ CD8+ T lymphocytes at 8 hours post 

activation which appears to decrease over time as shown below in figure 4.7. 
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Figure 4.6: Early kinetics of LRRC32 expression in CD8+ T lymphocytes. 

Early kinetics of LRRC32 CD8+ T lymphocytes activated with anti-CD3/anti-CD28 beads in 

the absence of exogenous IL-2 showing peak expression at roughly 20 hours. Readings were 

taken every 4 hours for the first 24 hours then final readings were taken at 36 hours post-

activation by flow cytometry. Data is shown as % positive cells for LRRC32 (gating to 

determine an LRRC32+ T lymphocyte as demonstrated by figure 4.7 below) error bars 

representing 95% C.I. from the mean. Data shown is cumulative of two donors, two technical 

replicates each, one individual experiment. 
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Representative flow cytometry plots showing expression of LRRC32 over time in purified 

CD8+ T lymphocytes. These plots are showing no significant change in brightness of 

LRRC32. Shown above are representative plots of two donors in one individual experiment. 

 

 

 

 

 

 

 

Figure 4.7: Expression of LRRC32 over time at 8-hour intervals 
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Cell surface trafficking of LRRC32 

This observation raises several questions due to the physiological role of LRRC32 in 

presentation and activation of TGFβ. LRRC32, given its nature as a suppressive molecule, 

may exhibit a highly labile phenotype with a high level of recycling or trafficking around the 

cell surface. Or conversely, LRRC32 may reside primarily intracellularly and get trafficked to 

the cell surface upon stimulation in much the same way as CTLA4 (Valk, Rudd, & 

Schneider, 2008). To assess if LRRC32 is present intracellularly as well as on the cell 

surface, anti-CD3/anti-CD28 bead activated CD8+ T lymphocytes were stained for LRRC32 

at the 20-hour timepoint immediately following a 5-hour incubation in the presence of 

monensin. The LRRC32 signal was compared between surface stained only and surface 

stained plus intracellular stained. The rationale behind the treatment with monensin is to 

partially inhibit any secreted forms of LRRC32 as previous studies have indicated LRRC32 

may be secreted (Gauthy et al., 2013; R. Wang et al., 2012). Inhibiting the secretion of 

LRRC32 may, therefore, give a much stronger signal than staining for intracellular 

expression alone. The results of the intracellular staining showed that there was an 

intracellular portion of LRRC32 shown below in figure 4.8. A Tukey post-hoc analysis 

following a one-way ANOVA returned a P value of 0.0004 between Surface and Surface plus 

intracellular, suggesting that LRRC32 in CD8+ T lymphocytes has an increased intracellular 

pool relative to surface expression in the presence of monensin. Further studies are needed to 

validate the proportion of LRRC32 that is retained intracellularly in CD8+ T lymphocytes 

and what potential stimuli induce trafficking to the cell surface. 
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Percentage of CD8+ T lymphocytes positive for LRRC32 at 20 hours post-anti-CD3/anti-

CD28 bead-based activation when comparing intracellular staining to surface marker alone 

in the presence of monensin. Isotype control also is shown to ensure the reliability of 

staining. **P=0.001-0.01, ***P<0.001 with error bars representing 95% C.I. from the 

mean. Data is cumulative of one individual experiment with two donors. 

 

Interestingly, LRRC32 expression was also observed in clonal T lymphocytes as assessed 

using the flow panel outlined in table 3.1. As described previously there was no discernible 

expression on these cells in the absence of stimulation. Additionally, treatment with TGFβ 

had no discernible effect on the expression of LRRC32 in clonal T lymphocytes as shown 

below in figure 4.9. 

 

Figure 4.8: Column graph showing relative LRRC32 signal between surface stain and 
intracellular staining. 
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Figure 4.9: Expression of LRRC32 in clonal T lymphocytes 

Flow cytometry plots of clonal T lymphocytes showing LRRC32 expression in activated 

clones. No significant expression is seen in the unstimulated conditions and no major change 

in surface expression difference was seen between vehicle and TGFβ treated. Cells were 

activated with melan-A26-35 EAAGIGILTV for 16 hours in the presence of 5 ng/mL IL-2. 
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4.3 FoxP3 and BLIMP1 expression in activated T lymphocytes 

 

A key marker suggested for the effector Treg phenotype is BLIMP1 (Cretney et al., 2018; 

Garg et al., 2019). The potential relationship between the induction of FoxP3 expression upon 

activation and induction of BLIMP1 expression was therefore examined in further detail.  

Multiple studies have implicated BLIMP1 alongside FoxP3 in the Treg phenotype (Cretney et 

al., 2011). However, BLIMP1 has also been identified as a marker of T lymphocyte 

activation and differentiation, particularly in murine models (S. H. Fu, Yeh, Chu, Yen, & 

Sytwu, 2017).  

 

Co-expression of BLIMP1 and FoxP3 upon activation  

The correlation between FoxP3 expression and BLIMP1 expression at the protein level in 

activated human pan T lymphocytes was examined to assess if BLIMP1 expression was 

induced alongside FoxP3 upon activation with anti-CD3/anti-CD28 beads as per chapter 

2.4.3. To assess whether these markers correlate ICC was performed as per chapter 2.3.1 on 

pan T lymphocytes activated in the presence of 5ng/mL IL-2 as shown below in figure 4.10. 

This revealed a high degree of co-expression between these two molecules with most FoxP3+ 

T lymphocytes appearing to also express BLIMP1. 

Following on from these results, co-expression of FoxP3 and BLIMP1 was assessed from 

ICC data using the Coloc 2 plugin in ImageJ. Co-expression was assessed by specifying a 

targeted region of interest (individual T lymphocytes in this case) and running a Costes’ 

Significance test with 10 Costes’ randomisation steps as previously described (Costes et al., 

2004). Pearson’s correlation coefficient was used as a measure of co-expression with a score 

of 1 indicating perfect colocalization, 0 indicating no evidence for co-expression and -1 

indicating negative co-expression with the readouts from 50 selected regions of interest. 

While this analysis is typically used to measure the degree of co-localization, co-localization 

is typically difficult to assess with epifluorescence microscopy and co-expression was 

sufficient for this study. 

The mean Pearson’s correlation coefficient for the activated T lymphocytes was 0.6984 (95% 

confidence interval between 0.6481-0.7487). This shows a moderate degree of co-expression 

of FoxP3 and BLIMP1 in activated T lymphocytes. 
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Figure 4.10: ICC showing BLIMP1 and FoxP3 expression in activated T lymphocytes. 

Representative immunocytochemistry staining by channel of FoxP3 (red), BLIMP1 (white), 

CD3 (green) and DAPI counterstain (blue) at 40x objective in T lymphocytes 48 hours post-

anti-CD3/anti-CD28 activation in the presence of 10ng/mL IL-2. Image is represented as 

each channel then as a final merged image showing co-expression of BLIMP1 and FoxP3. 
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Verification of BLIMP1 FoxP3 co-expression via flow cytometry 

 

 To verify this finding, the co-expression of FoxP3 and BLIMP1 in activated pan T 

lymphocytes was assessed further via indirect flow cytometry as outlined in chapter 2.2.3. 

Pan T lymphocytes were activated in the presence of 5ng/mL IL-2 with Dynabeads® as 

described in chapter 2.4.3. Following activation for 24 hours, Indirect flow cytometry was 

performed as per chapter 2.2.3.  This indirect flow cytometry was performed with the same 

antibodies that were used for immunocytochemistry above. Namely, BLIMP1 (Mouse IgG1, 

ROS195G) and FoxP3 (Rat IgG2a, PCH101) with isotype control provided by ER-TR7 Rat 

IgG2a and MOPC-21 (Alexa 647) mouse IgG1. 

The flow cytometry data from this experiment is shown below in figure 4.11 and shows a 

distinct population of BLIMP1high, FoxP3high T lymphocytes induced upon T lymphocyte 

activation. As the two fluorophores used (Alexa Fluor 488 and Alexa Fluor 647) exhibit no 

significant spectral overlap these fluorophores could be used in conjunction without spectral 

unmixing being applied.   

Representative flow cytometry plots of pan T lymphocytes activated for 24 hours with anti-

CD3/anti-CD28 beads in the presence of 5ng/mL IL-2. Shown here is isotype control to 

validate staining on the left. Unstimulated pan T lymphocytes rested in 5ng/mL IL-2 for 24 

hours in the centre. And pan T lymphocytes stimulated with anti-CD3/anti-CD28 beads in the 

presence of 5ng/mL IL-2 for 24 hours on the right. Shown here is a distinct population of 

BLIMP1+, FoxP3+ T lymphocytes in the stimulated culture. This result is representative of 

three donors in two individual experiments.  

 

Figure 4.11: Flow Cytometry plots showing co-expression of BLIMP1 and FoxP3 in 
activated pan T lymphocytes 
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Collectively, these results suggest that in human T lymphocytes BLIMP1 expression is 

strongly induced alongside FoxP3 expression upon activation. It is of worth to note here that 

BLIMP1 is typically regarded as a differentiation marker in T lymphocytes hence differing 

levels of BLIMP1 expression in the non-activated population. To the best of our knowledge, 

this data is the first time FoxP3 and BLIMP1 expression in activated human T lymphocytes 

have been examined at the protein level. This observation has some interesting ramifications, 

regarding the role of BLIMP1 in inhibition of IL-2 production in T lymphocytes alongside 

the production of IL-10 as covered in our introduction (see chapter 1.11).   

 

4.4 The role of BLIMP1 in IL-10 production in activated T lymphocytes 

 

IL-10 is produced in large quantities by activated CD8+ T lymphocytes (Trandem et al., 

2011) and in moderate quantities by Treg cells (Uhlig et al., 2006a).  BLIMP1 has been 

implicated in mice as being integral in the production of IL-10 from activated T lymphocytes. 

We examined whether a comparable effect could be observed in human T lymphocytes.  

To assess the relationship between BLIMP1 and IL-10 production in human immune cells, 

the response of BLIMP1 to activation in isolated human pan T lymphocytes by 

immunocytochemistry was examined. Immunocytochemistry (as per chapter 2.3.1) was 

performed on anti-CD3/anti-CD28 bead activated T lymphocytes activated as per chapter 

2.4.3 in the presence of 5ng/mL IL-2. Before staining, T lymphocytes were incubated in the 

presence of monensin for 5 hours to ensure IL-10 accumulation within the cells. These stains 

revealed a strong correlation between BLIMP1 expression and IL-10 producing T 

lymphocytes as shown below in figure 4.12.  

 

Immunocytochemistry results appeared visually to show a correlation between BLIMP1 

expression and IL-10 production. However, we then sought to quantify how frequently 

BLIMP1 expression correlates with IL-10 production. 

To quantify this relationship within activated T lymphocytes, a linear regression analysis was 

performed. This was done by using ImageJ software to quantify the MFI of each marker in 

each cell, these MFI measurements were then compared using a linear regression model and 

the extent of correlation was then plotted as shown below in figure 4.13 showing a strong 

correlation between BLIMP1 expression and IL-10 production in T lymphocytes with an R2 

value of 0.6580. 
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Figure 4.12: Representative immunocytochemistry of BLIMP1 and IL-10 in activated T 

lymphocytes. 

Immunocytochemistry staining of BLIMP1 (white), IL-10 (red), CD3 (green) with DAPI 

counterstain (blue) at 60x magnification 48 hours post anti-CD3/anti-CD28 bead-based 

activation. Cells were treated with monensin and brefeldin A for 5 hours before staining. 

Image is represented by each channel then as a final merged image showing IL-10 

production from BLIMP1+ cells.  Isotype control to validate IL-10 stain shown in Appendix 

figure 7.4.  
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Mean fluorescence intensity of IL-10 Alexa Fluor 555 and BLIMP1 Alexa Fluor 647 in anti-

CD3/anti-CD28 bead-activated pan T lymphocytes. Also shown is the trendline for linear 

regression analysis of the data with an r2 value of 0.6580 data from 100 counted cells across 

three stains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Correlation between Blimp1 expression and IL-10 production. 

R2= 0.6580 
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4.5 A mechanism for IL-10 synergy with TGFβ 

 

Previous studies have shown that IL-10 can induce expression of TGFβRII in resting T 

lymphocytes (Cottrez & Groux, 2001). We sought to assess if we were able to observe a 

comparable result. To assess this, magnetic bead sorted pan T lymphocytes as per chapter 

2.1.6 were rested for 48 hours in RS5 supplemented with no exogenous IL-10 added (labelled 

media), 1 ng/mL IL-10 or 10ng/mL IL-10 and stained using immunocytochemistry as 

detailed in chapter 2.3.1 for the induction of TGFβRII representative images of this stain are 

shown below in figure 4.14. Following appropriate staining, images were quantified on all 

cells across 3 separate images using ImageJ and mean fluorescence intensities (MFI) of cells 

were exported to Graphpad prism V8.0 for analysis. Analysis of the MFI revealed a 

prominent upregulation of TGFβRII expression in the presence of even low dose IL-10 with 

no substantial difference observed between the 1ng/mL IL-10 and the 10ng/mL IL-10 

conditions as shown below in figure 4.15 (single channel data shown in figure 7.3). 

This data suggests that at a concentration of 1ng/mL the induction of TGFβRII is not 

significantly different from the induction of TGFβRII seen at 10ng/mL IL-10 in resting T 

lymphocytes. Whereas both treatment conditions had significantly more TGFβRII expression 

than the media condition with no exogenously supplemented IL-10. 

The induction of TGFβRII in resting magnetic bead purified CD8+ T lymphocytes (as per 

chapter 2.1.6) was then assessed by flow cytometry as per chapter 2.2.1 after resting CD8+ T 

lymphocytes in an IL-10 concentration of 5ng/mL for 48 hours. While the upregulation of 

TGFβRII expression was mild, these results were consistent with observed 

immunocytochemistry data, shown below in figure 4.16. 

A mild level of upregulation of TGFβRII expression was observed here a bulk measurement 

of pan T lymphocytes by ICC and a bulk measurement of CD8+ T lymphocytes by flow 

cytometry. However, the flow cytometry data did not have CD3, so it is possible that the 

TGFβRII+ cells are a population of contaminating CD8+ non T cells. These results suggest 

that at concentrations of IL-10 present in the serum of malignant patients T lymphocytes may 

be becoming sensitized to TGFβ signalling pathways by IL-10 due to upregulation of 

TGFβRII. This hypothesis is based on the observation that TGFβRII expression levels are 

rate-limiting in SMAD2 phosphorylation in the presence of excess TGFβ (Rojas, Padidam, 

Cress, & Grady, 2009) characteristic of the tumour microenvironment.  
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Figure 4.14: ICC images of TGFßRII in the presence of IL-10 

Representative ICC images at 40x objective of T lymphocytes resting in varying 

concentrations of IL-10 showing TGFβRII in green, CD3 in red and DAPI counterstain in 

blue. Images represented as merged images across all three channels with individual staining 

by channels shown in Appendix figure 7.3.  

Secondary Only 
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Figure 4.15: MFI quantification of TGFßRII in response to varying doses of IL-10 

Column diagram showing differences in MFI (relative to secondary only control) of TGFβRII 

in T lymphocytes gated on live CD8+ T cells rested in varying concentrations of IL-10 for 48 

hours. One-way ANOVA with Tukey post hoc analysis showed no significant difference 

between 10ng/mL and 1 ng/mL treated conditions but a statistically significant difference 

between the media condition and both treatment groups. *P=0.01-0.05 shown with error 

bars representing 95% C.I. from the mean. Cumulative results of total cells counted in 3 

separate images with 3 donors.  
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CD8+ T lymphocytes rested for 48 hours showing a modest but consistent increase in 

TGFβRII expression as assessed by flow cytometry. Results are from two donors and two 

individual experiments.   

 

 

In this chapter, we have examined the kinetics of FoxP3 expression upon activation and 

characterised the expression of markers such as BLIMP1 and IL-10 concurrent with the 

induction of FoxP3 observed with T lymphocyte activation. We have shown that FoxP3 is 

induced in T lymphocytes in a lineage independent manner and that the peak induction of 

FoxP3 expression is seen at 72 hours post-activation. We have also shown that the induction 

of FoxP3 upon activation is concurrent with BLIMP1 expression in activated T lymphocytes 

and that BLIMP1 expression may be indicative of a T lymphocytes ability to produce IL-10. 

Finally, in this chapter, we have shown that IL-10 can function to upregulate TGFβRII on 

resting T lymphocytes. It is of worth to note here that much of this data is preliminary and 

requires further replicates and more rigorous statistical testing to appropriately validate. 

 

 

 

Figure 4.16: Expression of TGFßRII in T lymphocytes rested in the presence of IL-10 
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Chapter 5 Multi-colour flow cytometry 
  

5.1 Development of high dimensional flow cytometry to assess TGFβ receptors in whole 

PBMC 

 

To enable further examination of functional effects of TGFβ on human immune cells in vitro, 

high dimensional flow cytometry was used to assess which populations in whole human 

PBMC were likely to be receptive to TGFβ signalling. To accomplish this, the expression of 

three key signalling receptors in the TGFβ pathway was assessed across multiple populations 

in whole human PBMC. 

The receptors investigated were TGFβRII, ALK5 (TGFβRI) and ALK1, the flow cytometry 

panel used to assess the expression of these receptors is shown below in Table 5.1.  

Table 5.1: Initially proposed panel to assess the expression of TGFß receptor expression 

in PBMC. 

Fluorophore Antigen Clone Cat# Company Dose (µL) 
A532 CD3 UCHT1 58-0038-42 ThermoFisher 5 

BB515 CD25 M-A251 565096 BD BioSciences 5 
A488 ALK5 854621R MAB3025-100 R & D Biosystems 2.5 
PerCP HLA-DR L243 307628 Biolegend 2.5 

PE CD95 DX2 305607 Biolegend 1.25 

PE/CF594 PD-1 EH12.1 565024 BD BioSciences 5 
PE/Cy5 CD127 A019D5 351323 Biolegend 0.625 

Alexa Fluor 647 ALK1 117702 MAB3701-100 R & D Biosystems 2.5 
APC TGFβRII 25508 FAB241A- R & D Biosystems 2.5 

Alexa Fluor 700 CD16 3G8 302026 Biolegend 0.125 
APC/Cy5.5 CD4 S3.5 MHCD0419 ThermoFisher 1.25 

APC-Fire 750 CD8 SK1 344745 Biolegend 1.25 
Near IR  Zombie NIR       1:6400 
BV421™ CCR7 G043H7 353208 Biolegend 5 

Pacific Blue™ CD14  M5E2 301815 Biolegend 1 
BV570™ CD27 O323 302825 Biolegend 2.5 
BV605™ CD45RA HI100 304134 Biolegend 2.5 
BV785™ CCR6 G034E3 353422 Biolegend 1.25 
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This panel is a derivation of an immune profiling panel developed within the host laboratory 

with adjustments made by the author. These adjustments were to be able to examine the 

TGFβ receptor molecules without any major spectral unmixing issues.   

To validate that the adjustments made would not cause any major clashes in the unmixing of 

these fluorophores, the normalized spectra of each fluorophore was compared. To do this, 

Compbeads™ were stained for flow cytometry using a single fluorophore-conjugated 

antibody at a time and acquired on the Cytek® Northern Lights. Following the acquisition, 

the positive signal in each channel was exported and normalized to the peak channel with 

autofluorescence removal.  The normalized spectra were compared to ensure that the spectra 

differ sufficiently to be used together in a full flow cytometry panel. 

The spectra showed visibly different spectra for all fluorophores to be used in the intended 

panel (Appendix figure 7.5). The only fluorophores that shared a peak channel were PerCP-

HLA-DR and PE-Cy5-CD127 as shown below in figure 5.1. As HLA-DR and CD127 

typically delineate distinct subsets in healthy human PBMC we determined that these 

signatures were distinct enough to continue with the panel.  

Fluorescence spectra of PerCP (shown in blue) and Pe-Cy5 (shown in red) showing a high 

degree of similarity albeit enough difference that the two spectra can be sufficiently 

separated. 

Figure 5.1: Fluorescence Spectra of PerCP and PE-Cy5. 
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Once it was confirmed that there would be no major spectral clashes within the specified 

panel, the necessary validation steps for the TGFβ receptor antibodies could begin. The first 

step was to label the ALK1 and ALK5 antibodies as they were purchased in an unconjugated 

form. 

While the TGFβRII antibody was available commercially in a fluorophore conjugate, both 

the ALK5 and ALK1 antibodies were conjugated in-house using APEX labelling kits as 

described in methods 2.2.9. To ensure the conjugation was performed correctly the antibodies 

were validated by staining Compbeads™ with the freshly labelled antibodies followed by 

flow cytometry. The validation data is shown below in figure 5.2. 

Flow cytometry histograms showing validation of in house fluorophore conjugation to target 

antibodies. Unstained shown in black,  ALK5-Alexa 488 in red and ALK1-Alexa 647  in blue 

showing that in house antibody conjugations were successful. 

Once it had been validated that both antibodies had been efficiently conjugated, both ALK 

antibodies and the TGFβRII-APC antibody were titrated before use on whole human PBMC 

as detailed in methods 2.2.10. Titration data is shown below in figure 5.3 and shows very few 

events for ALK1-Alexa Fluor 647 and ALK5-Alexa Fluor 488.  

 

 

 

Figure 5.2: ALK1 and ALK5/TGFβRI bead assay validating in house conjugation. 
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Titrations for ALK1 and ALK5/TGFβRI antibodies on healthy human PBMC showing ALK1- 

Alexa Fluor 647 on the right and ALK5-Alexa 488 on the left. Not shown here is titration 

data from TGFβRII-APC. 

Very few events with the ALK5/TGFβRI titration were observed, however, the staining index 

calculations performed as per equation 2.1 suggested a dose of 2.5µL was optimal for 

staining 1 million PBMC. The titration on ALK1-Alexa Fluor 647, however, returned no 

difference in staining index between any staining concentration and the unstained control. 

Collectively these troubleshooting and validation steps suggest that the ALK antibodies were 

conjugated to fluorescent tags efficiently (figure 5.3 above). However, ALK1 exhibited no 

detectable expression in healthy human PBMC with this reagent; as such ALK1 was not 

included in further analysis. This is likely due to the observation previously of ALK1 being 

primarily endothelial in expression.  The dose for TGFβRII was determined to be 2.5µL 

based on the staining index (not shown). As TGFβRII is upregulated on T lymphocytes post-

activation (S. A. Oh & Li, 2013), activated T lymphocytes were used as positive staining 

controls for TGFβRII-APC to ensure the antibody stained appropriately as shown below in 

figure 5.4.  

Following the validation data below,  the above flow cytometry panel (Table 5.1) was then 

used to stain peripheral PBMC from healthy donors. The resultant plots are shown below in 

figure 5.5 and 5.6. 

 

Figure 5.3: Titration data for ALK1 and ALK5/TGFβRI. 
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Validation of TGFβRII-APC staining using a dose of 2.5µL. Cells used as a positive control 

are pan T lymphocytes activated with anti-CD3/anti-CD28 beads in the presence of 5ng/mL 

IL-2 for 24 hours. 

Figure 5.4: Staining of TGFßRII on activated and non-activated pan T lymphocytes 
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Figure 5.5: Gating strategy for examining the expression of TGFßRII and ALK5 in 
various immune cell subsets 

Gating strategies used to examine the expression of TGFβRII and ALK5 across multiple 
subsets of immune cells within healthy human PBMC. A minimal expression is seen on most 
subsets of either marker. Data is representative of three donors, two individual experiments. 
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Upon initial examination, it appeared that expression of ALK5/TGFβRI and TGFβRII was 

negligible across all subsets of healthy human PBMC assessed. Further investigation was 

performed using a UMAP dimensionality reduction to attempt to visualize the expression of 

these markers across multiple subsets simultaneously. UMAP dimensionality reductions 

allow visualization of all markers simultaneously with expression relative to others 

represented as a heatmap on a 2D graph. UMAP dimensionality reduction of this data is 

shown below in figure 5.6. 

Collectively, these results suggest that ALK5/TGFβRI expression is not seen to any 

significant extent across any population assessed. TGFβRII expression, however, appears to 

exhibit a subtle increase in the naïve CD8+ T lymphocytes relative to other T lymphocyte 

subsets (figure 5.7 below). This shift is very subtle and while it was consistent between our 

three donors tested, future studies are needed to confirm this finding. To validate these 

findings, a reduced flow cytometry panel (appendix table 7.1) was used to assess TGFβRII 

expression in whole PBMC for an additional three donors. These results supported our 

observation presented below with increased TGFβRII expression seen in the naïve CD8+ T 

lymphocytes  (figure 5.8) 

This observation was surprising given the well-documented role of TGFβ signalling in the 

maintenance of the Treg phenotype in vivo and the reported role of TGFβ signalling in 

induction of induced Tregs from naïve CD4+ T lymphocytes (M. O. Li, Sanjabi, & Flavell, 

2006). 

With regards to the expression of ALK5/TGFβRI, a minimal signal on most cell types within 

immune cell populations was anticipated. However, an increased expression on naïve T 

lymphocytes has been documented within the literature (Kimura et al., 2018; Tu et al., 2018). 

This is not what we observed, with ALK5/TGFβRI appearing not to stain any subsets in 

healthy human PBMC to a meaningful extent. This was unexpected as our titration data 

above (figure 5.3) shows that there are some populations in healthy human PBMC that 

express ALK5 As the ALK5/TGFβRI antibody was conjugated in-house, to fully validate 

staining a positive control was required similar to figure 5.4 above for TGFβRII. There are 

very few examples in the literature of positive ALK5 controls that would have been 

appropriate for these applications and a detailed search for an appropriate positive control 

was outside the scope of this thesis. 

. 



103 
 

 

Representative heatmaps from a UMAP dimensionality reduction of the above immune 

profiling panel (Table 5.1) showing relative expression of various markers including the 

TGFβ receptors TGFβRII and ALK5. Data shown here is representative of 3 donors, 2 

individual experiments. 

Figure 5.6: UMAP dimensionality reduction of TGFß receptor flow cytometry panel. 
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Figure 5.7: Gating strategy to assess TGFßRII expression.  

Gating strategy inspired by UMAP dimensionality reduction and subset gating above (Figure 

5.5, 5.6 and 5.7) used to assess relative changes in expression of TGFβRII between given T 

lymphocyte populations. This gating strategy showed mildly increased expression of 

TGFβRII in the naïve CD8+ T lymphocytes relative to other T lymphocyte subsets. 
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Expression of TGFβRII in T lymphocyte subsets in human PBMC showing higher TGFβRII 
expression in the naïve CD8+ T lymphocytes. The same gating used for figure 5.8 was 
employed for this analysis. 

Figure 5.8: Histograms of TGFßRII expression between different T lymphocyte subsets 
in human PBMC 
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In this chapter we have developed a novel high-dimensional flow cytometry panel to 

elucidate the expression of various receptors implicated in the TGFβ signalling pathway in 

healthy human immune cell subsets. Our experiments suggest that expression of TGFβRII is 

higher in the naïve CD8+ T lymphocyte population relative to other T lymphocyte subsets. 
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Chapter 6 Discussion 
6.1 Overview  

 

One of the main barriers to effective cancer immunotherapy is the ability of many tumours to 

suppress the local immune system and therefore evade effective immune clearance. One of 

the more potent ways that cancer can escape immune clearance is believed to be via 

production and maintenance of a suppressive milieu of cytokines such as IL-10 and TGFβ. 

This suppressive tumour microenvironment is likely to confound immunotherapeutic cancer 

treatments. Therefore, defining mechanisms behind immunosuppressive molecules ability to 

suppress T lymphocyte function is integral for the development of new therapeutic 

approaches. With regards to both TGFβ and IL-10, the literature consensus is that both 

molecules exhibit immunostimulatory and immunosuppressive effects in a context-dependent 

manner. Understanding the contextual cues that govern this balance is of interest for T 

lymphocyte therapy. Within the host laboratory, a new cell type has been identified that 

produces high levels of TGFβ and may therefore mediate T lymphocyte suppression within 

the tumour microenvironment (Joanna Mathy PhD thesis 2020, unpublished data). 

Developing assays that allow in vitro study of the suppressive effects of TGFβ in T 

lymphocytes, therefore, allows for a more comprehensive understanding of the effects these 

cells are likely to exert on T lymphocytes within the tumour microenvironment. 

TGFβ is primarily a suppressive factor for T lymphocytes with documented effects on 

proliferation (Delisle et al., 2013), cytokine production (I.-K. Park, Letterio, & Gorham, 

2007), and expression of cytotoxic molecules (Smyth et al., 1991). Within the literature, there 

are conflicting reports regarding how TGFβ signalling in T lymphocytes is impacted by 

CD28 co-stimulation. Therefore, this thesis aimed to examine how functional effects of 

TGFβ are affected in the context of CD28 co-stimulation in varying concentrations.  This 

work was performed in naïve T lymphocytes so following these initial examinations, the 

effect of TGFβ on T lymphocyte phenotype was also examined in a clonal antigen-specific 

memory T lymphocyte line. 

One of the key proteins implicated in TGFβ production and functionality is the transcription 

factor FoxP3. FoxP3 is transiently upregulated in T lymphocyte activation and as such the 

kinetics of this upregulation were examined. Additionally, markers associated with the 

activated FoxP3+ phenotype were examined. The first of these markers examined was 
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LRRC32. Following characterisation of LRRC32 expression in activated T lymphocytes (pan 

T lymphocytes and a clonal T lymphocyte line), the relationship between FoxP3 and BLIMP1 

was examined.  

As BLIMP1 is implicated in the production of IL-10 from activated T lymphocytes in murine 

models, we sought to investigate this effect in human T lymphocytes. The ability of low dose 

IL-10 to modulate the expression of TGFβRII on T lymphocytes in vitro was also examined.  

The final goal for this project was to develop high dimensional flow cytometry to evaluate 

which populations in healthy human PBMC were likely to be responsive to TGFβ signalling. 

Characterisation of expression of TGFβ receptor molecules across the various populations in 

whole PBMC has to the best of our knowledge not been performed previously.  

6.2 The effects of CD28 co-stimulation on TGFβ mediated suppression of T lymphocyte 

function 

 

There are conflicting reports in the literature of the effect that TGFβ exerts on T lymphocyte 

proliferation in the presence of CD28 co-stimulation. While some studies have shown 

inhibitory effects of TGFβ in the presence of CD28 co-stimulation, other studies have 

repudiated this. Data acquired within this thesis suggests that, for naïve T lymphocyte 

populations, CD28 co-stimulation eliminates the efficacy of TGFβ with regards to both 

inhibition of proliferation and activation as assessed by CD137 expression (Figure 3.1 and 

3.2). Upon removal of the CD28 co-stimulation, a distinct inhibition of both proliferation and 

CD137 expression was observed (figure 3.4 and 3.5 respectively).  

Furthermore, expression of the effector molecules perforin, granzyme B and the inhibitory 

receptor PD-1 in response to TGFβ in the presence of varying doses of anti-CD28 was 

examined. We found that TGFβ increased the expression of PD-1 relative to the control, 

whilst reducing the expression of Granzyme B regardless of the dose of co-stimulation 

provided via anti-CD28. However, for perforin, the observed reduction in the presence of 

TGFβ was removed with increasing doses of co-stimulation (Figure 3.8 and 3.9). 

The effects of exogenous TGFβ on T lymphocyte cytokine responses were also examined 

here. T lymphocytes were stimulated and then subsequently brought to rest in TGFβ, the 

cytokine production was assessed after the cells had entered a resting state post-activation. 

Culture in the presence of exogenous TGFβ caused a substantial reduction in the capacity of 

T lymphocytes to produce IFN-γ (Figure 3.10). A very slight reduction in the capacity of T 
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lymphocytes to produce TNF-α was also seen with no observable change in IL-2 expression 

between TGFβ treated and vehicle-treated. These findings are largely consistent with the 

documented role of TGFβ in polarising cells away from a Th1 phenotype to a mild degree 

(Leonid Gorelik et al., 2002). To more substantially investigate the polarisation of T 

lymphocytes in the presence of TGFβ, it may prove interesting for future studies to examine 

the expression of key transcription factors such as T-bet in these cells. As T-bet is a marker 

characteristic of Th1 polarisation assessing levels of T-bet can tell us if the T lymphocytes 

are being polarised away from Th1 in the TGFβ treated condition.  

The results presented in this chapter thus far, therefore, indicate that the inhibitory effects of 

TGFβ on T lymphocyte function are context dependent and highly varied. The effects of 

TGFβ on T lymphocyte biology range from inhibition of proliferation to inhibition of 

cytokine production to inhibition of effector molecules such as perforin and granzyme B to 

upregulation of inhibitory molecules such as PD-1. Some of these effects are negated in the 

presence of co-stimulation provided by CD28 co-stimulation, so these effects are more likely 

to affect memory and effector T lymphocytes than naïve T lymphocytes that are primed in the 

presence of co-stimulation. This observation has some interesting applications regarding the 

absence of appropriate CD28 co-stimulation that is characteristic of the tumour 

microenvironment (Broderick et al., 2006) and indicates that T lymphocyte expansion and 

effector function within the tumour may be detrimentally affected.  

 

As these results suggested that the effects of TGFβ are likely to be more prominent in 

memory and effector T lymphocytes, the effects of TGFβ on an antigen-specific clonal CD8+ 

T lymphocyte were assessed. To assess these effects, a T lymphocyte clonal line specific to a 

melan-A26-35 was stimulated with short peptide in the presence of exogenous TGFβ and the 

resultant phenotype was assessed 16 hours following peptide stimulation. The phenotype was 

assessed by using an 18-colour flow cytometry panel as outlined in table 3.1. Free peptide 

was used for this experiment to avoid CD28-costimulation that may have acted to eliminate 

the effect of TGFβ as established prior. Within this phenotyping panel, the largest differences 

between TGFβ treated and vehicle control was observed with the expression of PD-1 and 

CCR4 (Figure 3.13). Increased expression of PD-1 in the presence of TGFβ has been 

documented in the literature prior (Baas et al., 2016; Rekik et al., 2015) and the observations 

in figure 3.8 and 3.9 show a comparable effect although the assay performed here is unique in 

that the studies examining PD-1 expression in the presence of TGFβ have historically utilised 
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anti-CD3/anti-CD28 based stimulation. The change in CCR4 expression relative to vehicle 

control was interesting as CCR4 expression is typically regarded as a poor prognostic factor 

in tumour infiltrating lymphocytes (Karasaki et al., 2018). While CCR4 is typically 

associated with Th2 and Treg populations (Baatar et al., 2007; Xin Chen et al., 2010; Imai et 

al., 1999; Sallusto, Lenig, Mackay, & Lanzavecchia, 1998) the literature on CD8+ CCR4+ T 

lymphocytes is sparse. This data suggests that activation in the presence of exogenous TGFβ 

can potentially affect the homing ability of CD8+ T lymphocytes.  

A primary goal of this chapter was to establish functional assays to read out TGFβ inhibition 

of T lymphocyte activity in vitro.  The data presented here strongly suggests that for the 

development of in vitro models of TGFβ inhibition of human T lymphocytes, T lymphocytes 

should be stimulated in the absence of CD28 co-stimulation. In this chapter, we show that the 

production of effector molecules such as IFN-γ and granzyme B, as well as the T lymphocyte 

exhaustion marker PD-1, is particularly sensitive to modulation by TGFβ in T lymphocytes. 

6.3 FoxP3 in activated T lymphocytes 

 

FoxP3 is largely held as a master regulator of the Treg phenotype in vivo. However, FoxP3 

has also been reported to upregulate transiently following TCR stimulation in the presence of 

TGFβ and IL-2 (Xu, Kitani, & Strober, 2010). It was therefore of interest to examine the 

kinetics of FoxP3 expression upon anti-CD3/anti-CD28 bead-based stimulation. FoxP3 was 

strongly upregulated in almost all activated T lymphocytes from a pan T lymphocyte culture 

in the presence of exogenous IL-2. Interestingly, the upregulation of FoxP3 expression 

observed in this thesis was in the presence of minimal TGFβ, while some TGFβ would be 

present in the RS5 culture media used, most studies examining induction of FoxP3 use 

comparatively high dose TGFβ (Martinez et al., 2009; Takimoto et al., 2010). Additionally, 

we found that removing IL-2 from the culture conditions greatly impaired the induction of 

FoxP3 upon activation suggesting an integral role of IL-2 in FoxP3 induction consistent with 

the current literature. 

The kinetics of FoxP3 expression were assessed and we found that FoxP3 expression appears 

to peak at day 4 post-activation (Figure 4.2). It appears that from a culture of pan T 

lymphocytes most T lymphocytes can express FoxP3 upon stimulation via the TCR in the 

presence of IL-2. This observation then led on to the investigation of two key molecules 

documented widely as being markers of activated FoxP3+ T lymphocytes. The markers 
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examined in more detail were the TGFβ docking surface marker LRRC32 and the 

transcription factor BLIMP1. 

6.4 LRRC32 expression is FoxP3 independent in a subset of CD8+ T lymphocytes 

 

The first of the markers associated with activated Tregs that were examined here was 

LRRC32. LRRC32 is widely held in the literature as a molecule expressed primarily by 

activated Tregs. LRRC32 is capable of binding TGFβ in complex with the LAP and aiding 

release or presentation of active TGFβ in contact with specific integrin molecules such as 

αVβ8 or αVβ6 as described in chapter 1.  Expression of LRRC32 has also been documented 

on megakaryocytes, activated B cells and platelets (Tran et al., 2009; Wallace, Wu, Salem, 

Ansa-addo, et al., 2018). To the best of our knowledge at the time of completion of this 

thesis, there was no documentation of LRRC32 expression in CD8+ T lymphocytes. Upon 

activation of pan T lymphocytes, a distinct population of LRRC32+, FoxP3+ T lymphocytes 

were seen within the CD4+ T lymphocyte population comparable to reported phenotypes 

observed for activated Treg cells. However, we also observed a population of LRRC32+, 

FoxP3- T lymphocytes within the CD8+ T lymphocyte population (Figure 4.33). Further 

analysis of this population of LRRC32 positive CD8+ T lymphocytes revealed a recently 

activated phenotype with increased expression of CD25 and CD69 relative to other CD8+ 

subsets present (Figure 4.5). Interestingly, these cells also expressed higher levels of the 

ectonucleotidase CD73 despite comparable levels of CD39. The expression of these 

nucleotidases is interesting due to current literature suggesting that expression of both 

molecules is indicative of a suppressive phenotype. LRRC32 kinetics in early activation 

showed peak surface expression at roughly 20 hours post-activation using anti-CD3/anti-

CD28 Dynabeads (figure 4.6). Cumulatively, these results provide evidence that LRRC32 is 

induced independently of FoxP3 in a small subset of CD8+ T lymphocytes and that this 

FoxP3-, LRRC32+ CD8+ T lymphocytes exhibit an activated phenotype. 

We then examined whether the addition of exogenous TGFβ could modulate the expression 

of LRRC32 as original observations suggested that expression increased in the presence of 

TGFβ (Metelli et al., 2016). We found that the addition of exogenous had no observable 

effect on the expression of LRRC32, although our previous results suggest that the CD28 co-

stimulation used in these assays may have overridden the effects of the exogenous TGFβ.  
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LRRC32 has also been documented as a secreted molecule (Gauthy et al., 2013) and data 

here showed a substantial intracellular pool of LRRC32 in CD8+ T lymphocytes in the 

presence of monensin inhibition of secretion. A recent study has observed the expression of 

LRRC32 in the nucleus of activated Treg cells (defined as CD4+, CD25high, CD127low) 

(Zimmer et al., 2019) so a comparable effect may be evident in CD8+ T lymphocytes 

although intranuclear localisation was not assessed here.  

While more work is needed to verify the mechanisms behind LRRC32 expression, these data 

suggest that in some CD8+ T lymphocytes it is expressed in early activation. LRRC32 may 

exhibit inhibitory function as a result of TGFβ production and signalling. Future studies 

could aim to examine cycling of LRRC32 by examining whether it is endocytosed after 

activation of the TGFβ peptide from LRRC32 and what the kinetics of this endocytosis are 

likely to be. Also, it may be interesting to examine if LRRC32 is degraded upon endocytosis 

or recycled back to the cell surface.  

This result is interesting concerning other observations presented in this thesis and the 

scientific literature of LRRC32. The observation of LRRC32 expression on CD8+ T 

lymphocytes provides a novel mechanism by which an activated CD8+ T lymphocyte could 

potentially contribute to the suppressive tumour microenvironment. Activated CD8+ T 

lymphocytes have been documented as having the ability to produce active TGFβ (Elrefaei et 

al., 2009; Garba et al., 2002; Jiang et al., 2009). The identification of LRRC32 expression in 

CD8+ T lymphocytes suggests that at least some of the documented production of TGFβ in 

activated CD8+ T lymphocytes may be attributable to release of TGFβ due to the activity of 

LRRC32 interacting with αVβ6 integrin. 
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6.5 FoxP3 and BLIMP1 in activated T lymphocytes 

 

The second marker associated with the activated FoxP3+ T lymphocyte phenotype here was 

the transcription factor BLIMP1. BLIMP1 is widely regarded as being integral in T 

lymphocyte differentiation and T lymphocytes high in BLIMP1 expression exhibit a 

classically exhausted phenotype with upregulation of markers such as CTLA4, TIM-3, LAG-

3, PD-1 and CD51 (Integrin αV) (S. H. Fu et al., 2017; Waugh et al., 2016). The potential 

correlation between activation induced FoxP3 expression and BLIMP1 expression in human 

T lymphocytes was examined. We found that in human T lymphocytes a comparable co-

expression to murine models was evident (Figure 4.10, 4.11 and 4.12). However, it is of note 

that not all BLIMP1+ cells were expressing FoxP3. BLIMP1 is widely considered a master 

regulator of the effector Treg phenotype in vivo (Cretney et al., 2011) and a higher proportion 

of BLIMP1+ FoxP3+ relative to BLIMP1- FoxP3+ T lymphocytes in the tumour mass has 

been associated with a more positive patient outcome in colorectal cancer (Ward-Hartstonge 

et al., 2017). 

BLIMP1 expression was induced potently upon activation with anti-CD3/anti-CD28 beads in 

most pan T lymphocytes (Figure 4.10). Furthermore, the expression of BLIMP1 was strongly 

correlated with IL-10 production capacity (Figure 4.12 and Figure 4.13). BLIMP1 has 

previously been shown as integral for production of IL-10 in Treg cells (Garg et al., 2019; 

Neumann et al., 2014; Ogawa et al., 2018), defined as Treg cells based on simultaneous 

expression of FoxP3 and BLIMP1. The data shown here suggest that BLIMP1 expression 

concurrent with FoxP3 expression in human T lymphocytes may be indicative of T 

lymphocyte activation. As IL-10 has also been shown to be produced from activated T 

lymphocytes (J. Sun et al., 2009; Trandem et al., 2011) it seems plausible to suggest that at 

least a proportion of IL-10 production attributed to BLIMP1+ Tregs in the tumour 

microenvironment may be resultant from T lymphocytes expressing FoxP3, BLIMP1 and IL-

10 as a result of activation of conventional T lymphocytes rather than a regulatory subset.   

We also observed that a concentration of IL-10 potentially available physiologically within 

the tumour microenvironment can mediate the upregulation of TGFβRII (Figure 4.15, 4.16 

and 4.17).  TGFβRII expression is rate-limiting in the presence of excess TGFβ (Rojas et al., 

2009). It is interesting to hypothesise that IL-10 may act to increase the capacity for a given T 

lymphocyte to respond to TGFβ.  



114 
 

It has been well documented that high concentrations of IL-10 are produced from both 

activated and regulatory human T lymphocytes and myeloid-derived suppressor cells As the 

tumour microenvironment has a high local concentration of both myeloid-derived suppressor 

cells and regulatory T lymphocytes (Ahmadzadeh et al., 2008; Holmgaard et al., 2015) the 

local IL-10 concentration is elevated (Bolpetti, Silva, Villa, & Lepique, 2010). This may 

result in increased TGFβRII expression on resting T lymphocytes which may potentially 

exhibit some interesting interactions with infiltrating CD8+ T lymphocytes expressing 

LRRC32 as depicted below in a simplified diagram.  
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Figure 6.1: Simplified diagram showing the proposed interaction between IL-10 and LRRC32 in activated T lymphocytes in the tumour 

microenvironment. 
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6.6 High dimensional flow cytometry to examine TGFβ function across multiple 

parameters 

 

Finally, expression of receptors implicated in the TGFβ signalling pathway was addressed to 

examine which populations were receptive to TGFβ signalling. Multicolour flow cytometry 

to assess subsets expressing these molecules in healthy whole PBMC has not been attempted 

before the best of our knowledge. The receptor molecules assessed were TGFβRII, ALK5 

(TGFβRI) and ALK1 all of which are involved in TGFβ signalling pathways. For these 

experiments, both the ALK5 or ALK1 antibody appeared to be unsuitable for flow 

cytometry-based experiments as no positive signal was observed despite documented 

expression of ALK5 in human lymphocytes (Tu et al., 2018). This appeared to be due to 

failure of the reagents at hand to efficiently stain for a flow cytometry experiment. However, 

no positive control was available for ALK5 and ALK1.  Therefore, it is difficult to say if the 

reagents were unsuitable for flow cytometry or were unable to stain effectively following in-

house conjugation. 

Expression of TGFβRII in healthy human PBMC was then assessed. A very subtle increase 

of expression of TGFβRII in naïve CD8+ T lymphocytes relative to other T lymphocyte 

subsets was observed (figure 5.8). This change in expression was consistent across multiple 

donors with two separate experiments and the antibody was validated using a positive control 

(Figure 5.4). As such, the staining is regarded as reliable, however, the change in expression 

is very subtle and requires further experimentation to validate fully.  

TGFβ signalling is integral in the establishment of mature CD8+ T lymphocytes (M. O. Li et 

al., 2006) which lends credence to the observation of elevated levels of TGFβRII expression 

on naïve CD8+ T lymphocytes seen in this thesis. The expression of TGFβRII appeared 

higher on naïve CD8+ T lymphocytes than on Tregs (defined as CD4+, CD25high, CD127low). 

This result was unexpected given the integral role of TGFβ signalling in the Treg subset 

(Konkel et al., 2017; Mucida et al., 2007; M. G. Strainic, Shevach, An, Lin, & Medof, 2013). 

Ubiquitous expression of TGFβRII was also observed within the myeloid component of 

healthy human PBMC. As the primary goal of this panel was to assess the expression of 

TGFβ receptor molecules in T lymphocyte subsets this observation was not examined further.  
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6.7 Limitations of this study 

 

The clearest limitation of this study is that the data obtained within this thesis is limited in the 

ability to extrapolate findings to the context of the tumour microenvironment as all 

experiments conducted throughout this thesis were conducted as in vitro studies. 

Additionally, while anti-CD3/anti-CD28 bead-based stimulation replicates stimulation from 

an APC the replication is imperfect. This means that it would be necessary to verify some of 

the findings observed using other methods of T lymphocyte stimulation such as an APC 

pulsed with a cognate antigen stimulating an antigen-specific clonal T lymphocyte line in the 

presence of exogenous TGFβ. 

Another limitation of this study is that without further work it is difficult to fully elucidate the 

role LRRC32 is playing in activated CD8+ T lymphocytes. While this hinders the ability to 

draw any substantial conclusions about the role of LRRC32 expression in CD8+ T 

lymphocytes, this discovery opens promising avenues for future research. 

A final limitation evident here is that for many of the experiments in this thesis the number of 

samples is quite low which will affect the robustness of some of the conclusions drawn 

therein. 
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6.8 Conclusions and future directions. 

 

The intended goal of this thesis was to develop a variety of assays that could better inform 

future studies into the effect of TGFβ on T lymphocytes within the tumour 

microenvironment.  The purpose of this was to generate a series of functional assays that 

could be used to assess the effect of TGFβ produced by myeloid cells (described within the 

host laboratory) within the tumour microenvironment. As the thesis developed, we noted that 

many of the assays used to assess the effects of T lymphocytes in response to TGFβ were also 

inducing FoxP3expression apparently independently of exogenous TGFβ. Therefore, the 

expression of suppressive markers such as FoxP3, BLIMP1 and LRRC32 in T lymphocytes 

were examined in further detail in Chapter 4. Finally, a high dimensional flow cytometry 

panel was developed to elucidate the expression of various TGFβ receptor molecules within 

healthy human PBMC, to potentially identify cells that may be responsive to TGFβ signalling 

in vivo.   

Documented within this thesis are various effects that TGFβ can exert upon T lymphocytes 

within the tumour microenvironment. We have shown that TGFβ does not inhibit either 

activation (as assessed by expression of CD137) or proliferation of naïve T lymphocytes in 

the presence of co-stimulation via CD28. Upon removal of co-stimulation via CD28, TGFβ 

can inhibit both proliferation and activation (as assessed by expression of CD137) in naïve T 

lymphocytes. The effect of varying doses of anti-CD28 co-stimulation on T lymphocytes in 

the presence of TGFβ was then assessed. These experiments found that regardless of the 

concentration of CD28 co-stimulation, TGFβ was able to effectively inhibit the expression of 

granzyme B in T lymphocytes. We also found that perforin was inhibited by TGFβ at low 

concentrations of anti-CD28 but that increasing doses of CD28 co-stimulation appeared to 

abrogate this effect. And finally, these experiments showed that at all tested concentrations of 

CD28 co-stimulation TGFβ induced an upregulation of the T lymphocyte exhaustion marker 

PD-1.  

The effect of TGFβ was then assessed on cytokine production. Long term culture in the 

presence of exogenous TGFβ caused a large reduction in a T lymphocytes capacity to 

produce IFN-γ, a mild reduction in TNF-α and no significant change in IL-2 production upon 

re-stimulation. 
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Following the experiments with naïve T lymphocytes using commercial Dynabeads®, the 

effect of TGFβ on a clonal CD8+ T lymphocyte line was assessed.  Clonal CD8+ T 

lymphocytes were activated using cognate antigen in the presence of IL-2 and the phenotype 

was assessed after 16 hours using high dimensional flow cytometry. The TGFβ treated 

condition had decreased activation overall as assessed by concurrent CD25 and CD137 

expression. The most significant change in phenotype between these culture conditions upon 

stimulation was that of PD-1 and CCR4, with the TGFβ treated condition expressing 

significantly higher expression of both markers relative to the vehicle-treated control. 

Overall, the results from Chapter 3 addressed the initial proposed goal of establishing in vitro 

assays for assessing TGFβ function on T lymphocyte effector function. We found that assays 

assessing TGFβ impact in T lymphocytes should examine this effect in the absence of CD28 

co-stimulation. These results suggest that the use of IFN-γ, PD-1 and granzyme B production 

as functional markers to assess the effect of TGFβ on T lymphocyte function are appropriate 

as a functional assay. 

Throughout these assays, we noticed that in the assay conditions used, the expression of 

FoxP3 was being induced, often in the absence of exogenous TGFβ. It was then of interest to 

examine this induction of FoxP3 expression in further detail due in part to the implicated role 

of FoxP3+ T lymphocytes in the production of TGFβ. The kinetics of FoxP3 expression 

revealed that peak expression of FoxP3, when activated with anti-CD3/anti-CD28 beads in 

the presence of IL-2, occurred at 72 hours post-activation. At this point most pan T 

lymphocytes were FoxP3+ (>90%), interestingly, in these cultures, no exogenous TGFβ was 

added and the only TGFβ present is resultant from TGFβ in the serum used for culture media. 

The expression of LRRC32 upon activation was then assessed and a population of CD8+, 

FoxP3-, LRRC32+ T lymphocytes were identified.  This population exhibited an activated 

phenotype and a substantial intracellular signal of LRRC32 was observed in these cells. To 

the best of our knowledge, this is the first time that this population has been described. The 

expression of BLIMP1 in response to activation was then found to correlate with activation 

induced FoxP3 expression, this result suggests that BLIMP1 may be acting as an activation 

marker in T lymphocytes. The expression of BLIMP1 in T lymphocytes upon activation was 

then found to correlate directly with T lymphocyte IL-10 production. IL-10 production was 

then found to induce expression of TGFβRII in resting T lymphocytes at concentrations 

comparable to those observed within the tumour microenvironment. 
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Overall, the results in Chapter 4 provide an interesting examination of the role T lymphocyte 

activation plays in markers typically associated with a suppressive phenotype in T 

lymphocytes. We found that a small subset of CD8+ T lymphocytes can express LRRC32 

upon activation which represents a novel discovery and that BLIMP1 may be acting as a 

marker of activation in T lymphocytes and be at least partially indicative of a given T 

lymphocytes IL-10 production capacities. 

Finally, a flow cytometry panel was developed to assess the expression of TGFβ receptor 

molecules as per the final proposed direction of research. This panel required many validation 

steps and was eventually able to characterise TGFβRII expression in various immune cell 

subsets. It was found that expression of TGFβRII is highest in the naïve CD8+ T lymphocyte 

population relative to all others assessed. This result was subtle and requires further work to 

verify more comprehensively. 

The collective work presented here aids understanding of the pleiotropic effects of TGFβ on 

T lymphocytes. This work also presents some interesting observations regarding T 

lymphocyte activation and expression of LRRC32 and BLIMP1. We intend that the results 

presented here will aid future studies examining the mechanisms governing the response of T 

lymphocytes to TGFβ in the tumour microenvironment. And potentially aid understanding of 

some aspects mediating failure of immunotherapeutic treatments in cancer. 
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Chapter 7 Appendices 
 

 

Figure 7.1: Brightfield image showing T lymphocytes with anti-CD3 only beads 

Representative brightfield image of T lymphocytes at 40x objective showing binding of the 
cells to the anti-CD3 only beads and some proliferative clusters forming 8 hours post 
addition of beads. 
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Gating used to define a CD137+ T lymphocyte as per figure 3.2 and 3.5. Gated on the CD8+ 
live T lymphocyte population.  

 

Individual channels showing respective markers used to identify the effect of IL-10 on the 
expression of TGFβRII. DAPI shown in blue, CD3 shown in red and TGFβRII shown in 
green with final merged images shown at the end. 

Figure 7.2: Gating used to define a CD137+ T lymphocyte (Figure 3.2 and 3.5) 

Figure 7.3: ICC images by channel showing induction of TGFßRII by IL-10 for Figure 
4.15 
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Isotype staining performed using mouse anti-human Desmin IgG2b. 647 only channel shown 
on the left and full stain shown on the right. Some non-specific staining is observed likely due 
to insufficient blocking. 

 

. 

 

 

The normalisation of all fluorophores used for both high dimensional panels in Chapter 5 
showing little overlap with regards to peak channels. 

 

 

Figure 7.4: Isotype controls for Blimp1 and IL-10 stain (Figure 4.13) 

Figure 7.5: Spectral normalisation of all fluorophores used in panel outlined in table 5.1 and 3.1 
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Table 7.1: Reduced panel to examine TGFßRII expression in T lymphocyte subsets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fluorophore Antigen Clone Cat# Company Dose (µL) 

1 PerCP/Cy5.5 CD3 UCHT1 300430 Biolegend 1.25 

2 APC TGFβRII 25508 FAB241A- 2.5 1.25 

3 Alexa Fluor® 700 CD4 SK3 344621 Biolegend 0.6 

4 APC/Fire™ 750 CD8 SK1 344745 Biolegend 0.6 

5 BV421™ CCR7 G043H7 353208 Biolegend 5 

6 DAPI Live/Dead       1:20,000 

7 BV605™ CD45RA HI100 304133 Biolegend 2.5 



125 
 

Chapter 8 References  
 

Abel, M., Séne, D., Pol, S., Bourlière, M., Poynard, T., Charlotte, F., … Caillat-Zucman, S. 

(2006). Intrahepatic virus-specific IL-10-producing CD8 T cells prevent liver damage 

during chronic hepatitis C virus infection. Hepatology, 44(6), 1607–1616. 

https://doi.org/10.1002/hep.21438 

Ahmadzadeh, M., Felipe-Silva, A., Heemskerk, B., Powell, D. J., Wunderlich, J. R., Merino, 

M. J., & Rosenberg, S. A. (2008). FOXP3 expression accurately defines the population 

of intratumoral regulatory T cells that selectively accumulate in metastatic melanoma 

lesions. Blood. https://doi.org/10.1182/blood-2008-06-163048 

Albino, A. P., Davis, B. M., & Nanus, D. M. (1991). Induction of Growth Factor RNA 

Expression in Human Malignant Melanoma: Markers of Transformation. Cancer 

Research, 51(18), 4815–4820. 

Ali, K. S., Ali, H. Y. M., & Jubrael, J. M. S. (2012). Concentration levels of IL-10 and TNFα 

cytokines in patients with human papilloma virus (HPV) DNA+ and DNA- cervical 

lesions. Journal of Immunotoxicology. https://doi.org/10.3109/1547691X.2011.642419 

Allan, S. E., Crome, S. Q., Crellin, N. K., Passerini, L., Steiner, T. S., Bacchetta, R., … 

Levings, M. K. (2007). Activation-induced FOXP3 in human T effector cells does not 

suppress proliferation or cytokine production. International Immunology, 19(4), 345–

354. https://doi.org/10.1093/intimm/dxm014 

Annes, J. P., Chen, Y., Munger, J. S., & Rifkin, D. B. (2004). Integrin αvβ6-mediated 

activation of latent TGF-β requires the latent TGF-β binding protein-1. Journal of Cell 

Biology, 165(5), 723–734. https://doi.org/10.1083/jcb.200312172 

Assoians, R. K., Komoriya, A., Meyers, C. A., Miller, D. M., & Sporn, M. B. (1983). 

Transforming Growth Factor-ß in Human Platelets. The Journal of Biological 

Chemistry, 258(11), 7155–7160. https://doi.org/10.1016/j.molstruc.2014.01.078 

Baas, M., Besançon, A., Goncalves, T., Valette, F., Yagita, H., Sawitzki, B., … You, S. 

(2016). TGFβ-dependent expression of PD-1 and PD-L1 controls CD8+ T cell anergy in 

transplant tolerance. ELife. https://doi.org/10.7554/eLife.08133 

Baatar, D., Olkhanud, P., Sumitomo, K., Taub, D., Gress, R., & Biragyn, A. (2007). Human 



126 
 

peripheral blood T regulatory cells (Tregs), functionally primed CCR4+ Tregs and 

unprimed CCR4- Tregs, regulate effector T cells using FasL. Journal of Immunology 

(Baltimore, Md. : 1950), 178(8), 4891–4900. 

https://doi.org/10.4049/jimmunol.178.8.4891 

Bacchetta, R., Sartirana, C., Levings, M. K., Bordignon, C., Narula, S., & Roncarolo, M. G. 

(2002). Growth and expansion of human T regulatory type 1 cells are independent from 

TCR activation but require exogenous cytokines. European Journal of Immunology. 

https://doi.org/10.1002/1521-4141(200208)32:8<2237::AID-IMMU2237>3.0.CO;2-2 

Ballke, C., Gran, E., Baekkevold, E. S., & Jahnsen, F. L. (2016). Characterization of 

regulatory T-cell markers in CD4+ T cells of the upper airway mucosa. PLoS ONE, 

11(2), 1–14. https://doi.org/10.1371/journal.pone.0148826 

Bandyopadhyay, A., & Raghavan, S. (2009). Defining the Role of Integrin αvβ6 in Cancer. 

Curr. Drug Targets. 

Bankoti, R., Ogawa, C., Nguyen, T., Emadi, L., Couse, M., Salehi, S., … Martins, G. A. 

(2017). Differential regulation of Effector and Regulatory T cell function by Blimp1. 

Scientific Reports, 7(1), 1–14. https://doi.org/10.1038/s41598-017-12171-3 

Barilla, R. M., Diskin, B., Caso, R. C., Lee, K. B., Mohan, N., Buttar, C., … Miller, G. 

(2019). Specialized dendritic cells induce tumor-promoting IL-10 + IL-17 + FoxP3 neg 

regulatory CD4 + T cells in pancreatic carcinoma. Nature Communications, 10(1). 

https://doi.org/10.1038/s41467-019-09416-2 

Barthlott, T., Moncrieffe, H., Veldhoen, M., Atkins, C. J., Christensen, J., O’Garra, A., & 

Stockinger, B. (2005). CD25+CD4+ T cells compete with naive CD4+ T cells for IL-2 

and exploit it for the induction of IL-10 production. International Immunology, 17(3), 

279–288. https://doi.org/10.1093/intimm/dxh207 

Bennett, C. L., Christie, J., Ramsdell, F., Brunkow, M. E., Ferguson, P. J., Whitesell, L., … 

Ochs, H. D. (2001). The immune dysregulation, polyendocrinopathy, enteropathy, X-

linked syndrome (IPEX) is caused by mutations of FOXP3. Nature Genetics, 27(1), 20–

21. https://doi.org/10.1038/83713 

Bergmann, C., Strauss, L., Wang, Y., Szczepanski, M. J., Lang, S., Johnson, J. T., & 

Whiteside, T. L. (2008). T regulatory type 1 cells in squamous cell carcinoma of the 



127 
 

head and neck: Mechanisms of suppression and expansion in advanced disease. Clinical 

Cancer Research. https://doi.org/10.1158/1078-0432.CCR-07-5126 

Bianchi, M., Meng, C., & Ivashkiv, L. B. (2000). Inhibition of IL-2-induced Jak-STAT 

signaling by glucocorticoids. Proceedings of the National Academy of Sciences of the 

United States of America. https://doi.org/10.1073/pnas.160099797 

Bolpetti, A., Silva, J. S., Villa, L. L., & Lepique, A. P. (2010). Interleukin-10 production by 

tumor infiltrating macrophages plays a role in Human Papillomavirus 16 tumor growth. 

BMC Immunology. https://doi.org/10.1186/1471-2172-11-27 

Boucard-Jourdin, M., Kugler, D., Endale Ahanda, M.-L., This, S., De Calisto, J., Zhang, A., 

… Paidassi, H. (2016). β8 Integrin Expression and Activation of TGF-β by Intestinal 

Dendritic Cells Are Determined by Both Tissue Microenvironment and Cell Lineage. 

The Journal of Immunology. https://doi.org/10.4049/jimmunol.1600244 

Boulet, S., Daudelin, J.-F., & Labrecque, N. (2014).  IL-2 Induction of Blimp-1 Is a Key In 

Vivo Signal for CD8 + Short-Lived Effector T Cell Differentiation . The Journal of 

Immunology, 193(4), 1847–1854. https://doi.org/10.4049/jimmunol.1302365 

Branchett, W. J., Stölting, H., Oliver, R. A., Walker, S. A., Puttur, F., Gregory, L. G., … 

Lloyd, C. M. (2019). A T cell–myeloid IL-10 axis regulates pathogenic IFN-γ–

dependent immunity in a mouse model of type 2–low asthma. Journal of Allergy and 

Clinical Immunology. https://doi.org/10.1016/j.jaci.2019.08.006 

Broderick, L., Brooks, S. P., Takita, H., Baer, A. N., Bernstein, J. M., & Bankert, R. B. 

(2006). IL-12 reverses anergy to T cell receptor triggering in human lung tumor-

associated memory T cells. Clinical Immunology. 

https://doi.org/10.1016/j.clim.2005.09.008 

Brooks, D. G., Walsh, K. B., Elsaesser, H., & Oldstone, M. B. A. (2010). IL-10 directly 

suppresses CD4 but not CD8 T cell effector and memory responses following acute viral 

infection. Proceedings of the National Academy of Sciences of the United States of 

America, 107(7), 3018–3023. https://doi.org/10.1073/pnas.0914500107 

Burchill, M. A., Yang, J., Vogtenhuber, C., Blazar, B. R., & Farrar, M. A. (2007).  IL-2 

Receptor β-Dependent STAT5 Activation Is Required for the Development of Foxp3 + 

Regulatory T Cells . The Journal of Immunology. 



128 
 

https://doi.org/10.4049/jimmunol.178.1.280 

Buscemi, L., Ramonet, D., Klingberg, F., Formey, A., Smith-Clerc, J., Meister, J. J., & Hinz, 

B. (2011). The single-molecule mechanics of the latent TGF-β1 complex. Current 

Biology, 21(24), 2046–2054. https://doi.org/10.1016/j.cub.2011.11.037 

Cai, J., Lee, J., Jankowska-Gan, E., Derks, R., Pool, J., Mutis, T., … Burlingham, W. J. 

(2004). Minor H Antigen HA-1-specific Regulator and Effector CD8+ T Cells, and HA-

1 Microchimerism, in Allograft Tolerance. Journal of Experimental Medicine, 199(7), 

1017–1023. https://doi.org/10.1084/jem.20031012 

Campbell, M. G., Cormier, A., Ito, S., Seed, R. I., Bondesson, A. J., Lou, J., … Nishimura, S. 

L. (2020). Cryo-EM Reveals Integrin-Mediated TGF-β Activation without Release from 

Latent TGF-β. Cell, 490–501. https://doi.org/10.1016/j.cell.2019.12.030 

Camperio, C., Caristi, S., Fanelli, G., Soligo, M., De Porto, P., & Piccolella, E. (2012). 

Forkhead Transcription Factor FOXP3 Upregulates CD25 Expression through 

Cooperation with RelA/NF-κB. PLoS ONE, 7(10). 

https://doi.org/10.1371/journal.pone.0048303 

Chakraborty, S., Panda, A. K., Bose, S., Roy, D., Kajal, K., Guha, D., & Sa, G. (2017). 

Transcriptional regulation of FOXP3 requires integrated activation of both promoter and 

CNS regions in tumor-induced CD8+ Treg cells. Scientific Reports, 7(1), 1–14. 

https://doi.org/10.1038/s41598-017-01788-z 

Chalmin, F., Mignot, G., Bruchard, M., Chevriaux, A., Végran, F., Hichami, A., … 

Ghiringhelli, F. (2012). Stat3 and Gfi-1 Transcription Factors Control Th17 Cell 

Immunosuppressive Activity via the Regulation of Ectonucleotidase Expression. 

Immunity. https://doi.org/10.1016/j.immuni.2011.12.019 

Chen, L., Glovert, J. N. M., Hogan, P. G., Rao, A., & Harrison, S. C. (1998). Structure of the 

DNA-binding domains from NFAT, Fos and Jun bound specifically to DNA. Nature. 

https://doi.org/10.1038/32100 

Chen, S., Fan, J., Zhang, M., Qin, L., Dominguez, D., Long, A., … Zhang, B. (2019). CD73 

expression on effector T cells sustained by TGF-β facilitates tumor resistance to anti-4-

1BB/CD137 therapy. Nature Communications, 10(1). https://doi.org/10.1038/s41467-

018-08123-8 



129 
 

Chen, W. J., Jin, W., Hardegen, N., Lei, K. J., Li, L., Marinos, N., … Wahl, S. M. (2003). 

Conversion of Peripheral CD4+CD25- Naive T Cells to CD4+CD25+ Regulatory T 

Cells by TGF-β Induction of Transcription Factor Foxp3. Journal of Experimental 

Medicine. https://doi.org/10.1084/jem.20030152 

Chen, Xia, & Thibeault, S. L. (2012). Response of Fibroblasts to Transforming Growth 

Factor-β1 on Two-Dimensional and in Three-Dimensional Hyaluronan Hydrogels. 

Tissue Engineering Part A, 18(23–24), 2528–2538. 

https://doi.org/10.1089/ten.tea.2012.0094 

Chen, Xin, Subleski, J. J., Hamano, R., Howard, O. M. Z., Wiltrout, R. H., & Oppenheim, J. 

J. (2010). Co-expression of TNFR2 and CD25 identifies more of the functional CD4 + 

FOXP3 + regulatory T cells in human peripheral blood. European Journal of 

Immunology, 40(4), 1099–1106. https://doi.org/10.1002/eji.200940022 

Cohen, A. C., Nadeau, K. C., Tu, W., Hwa, V., Dionis, K., Bezrodnik, L., … Lewis, D. B. 

(2006).  Cutting Edge: Decreased Accumulation and Regulatory Function of CD4 + 

CD25 high T Cells in Human STAT5b Deficiency . The Journal of Immunology, 177(5), 

2770–2774. https://doi.org/10.4049/jimmunol.177.5.2770 

Colditz, G. A., & Wei, E. K. (2012). Preventability of Cancer: The Relative Contributions of 

Biologic and Social and Physical Environmental Determinants of Cancer Mortality. 

Annual Review of Public Health, 33(1), 137–156. https://doi.org/10.1146/annurev-

publhealth-031811-124627 

Corthay, A. (2006). A three-cell model for activation of naïve T helper cells. Scandinavian 

Journal of Immunology. https://doi.org/10.1111/j.1365-3083.2006.01782.x 

Costes, S. V., Daelemans, D., Cho, E. H., Dobbin, Z., Pavlakis, G., & Lockett, S. (2004). 

Automatic and quantitative measurement of protein-protein colocalization in live cells. 

Biophysical Journal, 86(6), 3993–4003. https://doi.org/10.1529/biophysj.103.038422 

Cottrez, F., & Groux, H. (2001). Regulation of TGF-β Response During T Cell Activation Is 

Modulated by IL-10. The Journal of Immunology, 167(2), 773–778. 

https://doi.org/10.4049/jimmunol.167.2.773 

Cretney, E., Leung, P. S., Trezise, S., Newman, D. M., Rankin, L. C., Teh, C. E., … Nutt, S. 

L. (2018). Characterization of Blimp-1 function in effector regulatory T cells. Journal of 



130 
 

Autoimmunity. https://doi.org/10.1016/j.jaut.2018.04.003 

Cretney, E., Xin, A., Shi, W., Minnich, M., Masson, F., Miasari, M., … Kallies, A. (2011). 

The transcription factors Blimp-1 and IRF4 jointly control the differentiation and 

function of effector regulatory T cells. Nature Immunology, 12(4), 304–312. 

https://doi.org/10.1038/ni.2006 

Cuende, J., Liénart, S., Dedobbeleer, O., van der Woning, B., De Boeck, G., Stockis, J., … 

Lucas, S. (2015). Monoclonal antibodies against GARP/TGF-β1 complexes inhibit the 

immunosuppressive activity of human regulatory T cells in vivo. Science Translational 

Medicine, 7(284), 284ra56-284ra56. https://doi.org/10.1126/scitranslmed.aaa1983 

Curtsinger, J M, Schmidt, C. S., Mondino, A., Lins, D. C., Kedl, R. M., Jenkins, M. K., & 

Mescher, M. F. (1999). Inflammatory cytokines provide a third signal for activation of 

naive CD4+ and CD8+ T cells. Journal of Immunology (Baltimore, Md. : 1950). 

Curtsinger, Julie M., Valenzuela, J. O., Agarwal, P., Lins, D., & Mescher, M. F. (2005). 

Cutting Edge: Type I IFNs Provide a Third Signal to CD8 T Cells to Stimulate Clonal 

Expansion and Differentiation. The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.174.8.4465 

Dasgupta, S., Bhattacharya-Chatterjee, M., O’Malley, B. W., & Chatterjee, S. K. (2005). 

Inhibition of NK Cell Activity through TGF-β1 by Down-Regulation of NKG2D in a 

Murine Model of Head and Neck Cancer. The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.175.8.5541 

Davidson, T. S., DiPaolo, R. J., Andersson, J., & Shevach, E. M. (2007).  Cutting Edge: IL-2 

Is Essential for TGF-β-Mediated Induction of Foxp3 + T Regulatory Cells . The Journal 

of Immunology. https://doi.org/10.4049/jimmunol.178.7.4022 

Deaglio, S., Dwyer, K. M., Gao, W., Friedman, D., Usheva, A., Erat, A., … Robson, S. C. 

(2007). Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T 

cells mediates immune suppression. Journal of Experimental Medicine. 

https://doi.org/10.1084/jem.20062512 

Dees, C., Tomcik, M., Palumbo-Zerr, K., Distler, A., Beyer, C., Lang, V., … Distler, J. H. W. 

(2012). JAK-2 as a novel mediator of the profibrotic effects of transforming growth 

factor β in systemic sclerosis. Arthritis and Rheumatism. 



131 
 

https://doi.org/10.1002/art.34500 

Del Porto, F., Cifani, N., Proietta, M., Dezi, T., Tritapepe, L., Raffa, S., … Taurino, M. 

(2019). Lag3+ regulatory T lymphocytes in critical carotid artery stenosis. Clinical and 

Experimental Medicine, 19(4), 463–468. https://doi.org/10.1007/s10238-019-00570-x 

Delisle, J. S., Giroux, M., Boucher, G., Landry, J. R., Hardy, M. P., Lemieux, S., … 

Perreault, C. (2013). The TGF-β-Smad3 pathway inhibits CD28-dependent cell growth 

and proliferation of CD4 T cells. Genes and Immunity, 14(2), 115–126. 

https://doi.org/10.1038/gene.2012.63 

Dennis, K. L., Saadalla, A., Blatner, N. R., Wang, S., Venkateswaran, V., Gounari, F., … 

Khazaie, K. (2015). T-cell expression of IL10 is essential for tumor immune 

surveillance in the small intestine. Cancer Immunology Research, 3(7), 806–814. 

https://doi.org/10.1158/2326-6066.CIR-14-0169 

Dennler, S., Huet, S., & Gauthier, J. M. (1999). A short amino-acid sequence in MH1 domain 

is responsible for functional differences between Smad2 and Smad3. Oncogene. 

https://doi.org/10.1038/sj.onc.1202729 

Dong, M., & Blobe, G. C. (2006). Role of transforming growth factor-β in hematologic 

malignancies. Blood. https://doi.org/10.1182/blood-2005-10-4169 

Donkor, M. K., Sarkar, A., & Li, M. O. (2012). TGF-β1 produced by activated CD4+ T cells 

antagonizes T cell surveillance of tumor development. OncoImmunology, 1(2), 162–171. 

https://doi.org/10.4161/onci.1.2.18481 

Doyle, A. M., Mullen, A. C., Villarino, A. V., Hutchins, A. S., High, F. A., Lee, H. W., … 

Reiner, S. L. (2001). Induction of cytotoxic T lymphocyte antigen 4 (CTLA-4) restricts 

clonal expansion of helper T cells. Journal of Experimental Medicine, 194(7), 893–902. 

https://doi.org/10.1084/jem.194.7.893 

Edwards, J. P., Thornton, A. M., & Shevach, E. M. (2014). Release of Active TGF-β1 from 

the Latent TGF-β1/GARP Complex on T Regulatory Cells Is Mediated by Integrin β 8. 

The Journal of Immunology, 193(6), 2843–2849. 

https://doi.org/10.4049/jimmunol.1401102 

Elrefaei, M., Burke, C. M., Baker, C. A. R., Jones, N. G., Bousheri, S., Bangsberg, D. R., & 

Cao, H. (2009). TGF-β and IL-10 production by HIV-specific CD8+ T cells is regulated 



132 
 

by CTLA-4 signaling on CD4+ T cells. PLoS ONE. 

https://doi.org/10.1371/journal.pone.0008194 

English, D., & Andersen, B. R. (1974). Single-step separation of red blood cells, granulocytes 

and mononuclear leukocytes on discontinuous density gradients of Ficoll-Hypaque. 

Journal of Immunological Methods, 5(3), 249–252. https://doi.org/10.1016/0022-

1759(74)90109-4 

Fantini, M. C., Becker, C., Monteleone, G., Pallone, F., Galle, P. R., & Neurath, M. F. 

(2004).  Cutting Edge: TGF-β Induces a Regulatory Phenotype in CD4 + CD25 − T 

Cells through Foxp3 Induction and Down-Regulation of Smad7 . The Journal of 

Immunology. https://doi.org/10.4049/jimmunol.172.9.5149 

Farhood, B., Najafi, M., & Mortezaee, K. (2019). CD8+ cytotoxic T lymphocytes in cancer 

immunotherapy: A review. Journal of Cellular Physiology. 

https://doi.org/10.1002/jcp.27782 

Filippi, C. M., Juedes, A. E., Oldham, J. E., Ling, E., Togher, L., Peng, Y., … Herrath, M. G. 

Von. (2008). ¨ ve but Promotes Their Survival. October, 57(October). 

https://doi.org/10.2337/db08-0609.C.M.F. 

Flores-García, Y., Rosales-Encina, J. L., Satoskar, A. R., & Talamás-Rohana, P. (2011). IL-

10-IFN-γ double producers CD4+ T cells are induced by immunization with an 

amastigote stage specific derived recombinant protein of Trypanosoma cruzi. 

International Journal of Biological Sciences. https://doi.org/10.7150/ijbs.7.1093 

Formenti, S. C., Lee, P., Adams, S., Goldberg, J. D., Li, X., Xie, M. W., … McBride, W. H. 

(2018). Focal Irradiation and Systemic TGFβ Blockade in Metastatic Breast Cancer. 

Clinical Cancer Research, 24(11), 2493–2504. https://doi.org/10.1158/1078-0432.CCR-

17-3322 

Freeman, G. J., Gray, G. S., Gimmi, C. D., Lombard, D. B., Zhou, L. J., White, M., … 

Nadler, L. M. (1991). Structure, expression, and T cell costimulatory activity of the 

murine homologue of the human B lymphocyte activation antigen B7. Journal of 

Experimental Medicine. https://doi.org/10.1084/jem.174.3.625 

Fridlender, Z. G., Sun, J., Kim, S., Kapoor, V., Cheng, G., Ling, L., … Albelda, S. M. 

(2009). Polarization of Tumor-Associated Neutrophil Phenotype by TGF-β: “N1” versus 



133 
 

“N2” TAN. Cancer Cell, 16(3), 183–194. https://doi.org/10.1016/j.ccr.2009.06.017 

Fu, S. H., Yeh, L. T., Chu, C. C., Yen, B. L. J., & Sytwu, H. K. (2017). New insights into 

Blimp-1 in T lymphocytes: A divergent regulator of cell destiny and effector function. 

Journal of Biomedical Science, 24(1), 1–17. https://doi.org/10.1186/s12929-017-0354-8 

Fu, S., Zhang, N., Yopp, A. C., Chen, D., Mao, M., Chen, D., … Bromberg, J. S. (2004). 

TGF-β induces Foxp3 + T-regulatory cells from CD4 + CD25 - precursors. American 

Journal of Transplantation, 4(10), 1614–1627. https://doi.org/10.1111/j.1600-

6143.2004.00566.x 

Fuss, I. J., Boirivant, M., Lacy, B., & Strober, W. (2002). The Interrelated Roles of TGF-β 

and IL-10 in the Regulation of Experimental Colitis. The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.168.2.900 

Galliher, A. J., & Schiemann, W. P. (2007). Src phosphorylates Tyr284 in TGF-β type II 

receptor and regulates TGF-β stimulation of p38 MAPK during breast cancer cell 

proliferation and invasion. Cancer Research, 67(8), 3752–3758. 

https://doi.org/10.1158/0008-5472.CAN-06-3851 

Gandhi, L., Rodríguez-Abreu, D., Gadgeel, S., Esteban, E., Felip, E., De Angelis, F., … 

Garassino, M. C. (2018). Pembrolizumab plus chemotherapy in metastatic non-small-

cell lung cancer. New England Journal of Medicine. 

https://doi.org/10.1056/NEJMoa1801005 

Gao, F., Liang, H., Lu, H., Wang, J., Xia, M., Yuan, Z., … Chen, X. (2015). Global analysis 

of DNA methylation in hepatocellular carcinoma by a liquid hybridization capture-based 

bisulfite sequencing approach. Clinical Epigenetics, 7(1), 1–11. 

https://doi.org/10.1186/s13148-015-0121-1 

Garba, M. L., Pilcher, C. D., Bingham, A. L., Eron, J., & Frelinger, J. A. (2002).  HIV 

Antigens Can Induce TGF-β 1 -Producing Immunoregulatory CD8 + T Cells . The 

Journal of Immunology. https://doi.org/10.4049/jimmunol.168.5.2247 

Garg, G., Muschaweckh, A., Moreno, H., Vasanthakumar, A., Floess, S., Lepennetier, G., … 

Korn, T. (2019). Blimp1 Prevents Methylation of Foxp3 and Loss of Regulatory T Cell 

Identity at Sites of Inflammation. Cell Reports, 26(7), 1854-1868.e5. 

https://doi.org/10.1016/j.celrep.2019.01.070 



134 
 

Gauthy, E., Cuende, J., Stockis, J., Huygens, C., Lethé, B., Collet, J. F., … Lucas, S. (2013). 

GARP Is Regulated by miRNAs and Controls Latent TGF-β1 Production by Human 

Regulatory T Cells. PLoS ONE, 8(9), 1–13. 

https://doi.org/10.1371/journal.pone.0076186 

Gerosa, F., Nisii, C., Righetti, S., Micciolo, R., Marchesini, M., Cazzadori, A., & Trinchieri, 

G. (1999). CD4+ T cell clones producing both interferon-γ and interleukin-10 

predominate in bronchoalveolar lavages of active pulmonary tuberculosis patients. 

Clinical Immunology. https://doi.org/10.1006/clim.1999.4752 

Gerosa, F., Paganin, C., Peritt, D., Paiola, F., Scupoli, M. T., Aste-Amezaga, M., … 

Trinchieri, G. (1996). Interleukin-12 primes human CD4 and CD8 T cell clones for high 

production of both interferon-γ and interleukin-10. Journal of Experimental Medicine. 

https://doi.org/10.1084/jem.183.6.2559 

Giroux, M., Delisle, J.-S., O’Brien, A., Hébert, M.-J., & Perreault, C. (2010). T Cell 

Activation Leads to Protein Kinase Cθ-Dependent Inhibition of TGF-β Signaling. The 

Journal of Immunology. https://doi.org/10.4049/jimmunol.1000137 

Giroux, M., Delisle, J. S., Gauthier, S. D., Heinonen, K. M., Hinsinger, J., Houde, B., … 

Perreault, C. (2011). SMAD3 prevents graft-versus-host disease by restraining Th1 

differentiation and granulocyte-mediated tissue damage. Blood. 

https://doi.org/10.1182/blood-2010-05-287649 

Gorbachev, A. V., & Fairchild, R. L. (2010). CD4+CD25+ regulatory T cells utilize FasL as 

a mechanism to restrict DC priming functions in cutaneous immune responses. 

European Journal of Immunology. https://doi.org/10.1002/eji.200939387 

Gorelik, L., Fields, P. E., & Flavell, R. A. (2014). Cutting Edge: TGF-  Inhibits Th Type 2 

Development Through Inhibition of GATA-3 Expression. The Journal of Immunology, 

165(9), 4773–4777. https://doi.org/10.4049/jimmunol.165.9.4773 

Gorelik, Leonid, Constant, S., & Flavell, R. A. (2002). Mechanism of transforming growth 

factor β-induced inhibition of T helper type 1 differentiation. Journal of Experimental 

Medicine. https://doi.org/10.1084/jem.20012076 

Greenhalgh, S. N., Matchett, K. P., Taylor, R. S., Huang, K., Li, J. T., Saeteurn, K., … 

Henderson, N. C. (2019). Loss of Integrin αvβ8 in Murine Hepatocytes Accelerates 



135 
 

Liver Regeneration. American Journal of Pathology, 189(2), 258–271. 

https://doi.org/10.1016/j.ajpath.2018.10.007 

Grishin, N. V. (2001). MH1 domain of Smad is a degraded homing endonuclease. Journal of 

Molecular Biology. https://doi.org/10.1006/jmbi.2000.4486 

Groux, H., O’Garra, A., Bigler, M., Rouleau, M., Antonenko, S., De Vries, J. E., & 

Roncarolo, M. G. (1997). A CD4+ T-cell subset inhibits antigen-specific T-cell 

responses and prevents colitis. Nature. https://doi.org/10.1038/39614 

Gu, A. Di, Wang, Y., Lin, L., Zhang, S. S., & Wan, Y. Y. (2012). Requirements of 

transcription factor Smad-dependent and -independent TGF-β signaling to control 

discrete T-cell functions. Proceedings of the National Academy of Sciences of the United 

States of America, 109(3), 905–910. https://doi.org/10.1073/pnas.1108352109 

Gunnlaugsdottir, B., Maggadottir, S. M., & Ludviksson, B. R. (2005). Anti-CD28-induced 

co-stimulation and TCR avidity regulates the differential effect of TGF-β1 on CD4+ and 

CD8+ naïve human T-cells. International Immunology, 17(1), 35–44. 

https://doi.org/10.1093/intimm/dxh183 

Hamidi, A., Song, J., Thakur, N., Itoh, S., Marcusson, A., Bergh, A., … Landström, M. 

(2017). TGF-β promotes PI3K-AKT signaling and prostate cancer cell migration 

through the TRAF6-mediated ubiquitylation of p85α. Science Signaling, 10(486), 

eaal4186. https://doi.org/10.1126/scisignal.aal4186 

Han, L., Sugiyama, H., Zhang, Q., Yan, K., Fang, X., McCormick, T. S., … Huang, Q. 

(2018). Phenotypical analysis of ectoenzymes CD39/CD73 and adenosine receptor 2A 

in CD4+CD25highFoxp3+ regulatory T-cells in psoriasis. Australasian Journal of 

Dermatology, 59(1), e31–e38. https://doi.org/10.1111/ajd.12561 

Hannon, M., Lechanteur, C., Lucas, S., Somja, J., Seidel, L., Belle, L., … Baron, F. (2014). 

Infusion of clinical-grade enriched regulatory T cells delays experimental xenogeneic 

graft-versus-host disease. Transfusion. https://doi.org/10.1111/trf.12279 

Haupt, S., Söntgerath, V. S. A., Leipe, J., Schulze-Koops, H., & Skapenko, A. (2016). 

Methylation of an intragenic alternative promoter regulates transcription of GARP. 

Biochimica et Biophysica Acta - Gene Regulatory Mechanisms, 1859(2), 223–234. 

https://doi.org/10.1016/j.bbagrm.2015.11.003 



136 
 

Heinemann, C., Heink, S., Petermann, F., Vasanthakumar, A., Rothhammer, V., Doorduijn, 

E., … Korn, T. (2014). IL-27 and IL-12 oppose pro-inflammatory IL-23 in CD4+ T cells 

by inducing Blimp1. Nature Communications. https://doi.org/10.1038/ncomms4770 

Hoesel, B., & Schmid, J. A. (2013). The complexity of NF-κB signaling in inflammation and 

cancer. Molecular Cancer. https://doi.org/10.1186/1476-4598-12-86 

Holmgaard, R. B., Schaer, D. A., Li, Y., Castaneda, S. P., Murphy, M. Y., Xu, X., … 

Driscoll, K. E. (2018). Targeting the TGFβ pathway with galunisertib, a TGFβRI small 

molecule inhibitor, promotes anti-tumor immunity leading to durable, complete 

responses, as monotherapy and in combination with checkpoint blockade. Journal for 

ImmunoTherapy of Cancer, 6(1), 1–15. https://doi.org/10.1186/s40425-018-0356-4 

Holmgaard, R. B., Zamarin, D., Li, Y., Gasmi, B., Munn, D. H., Allison, J. P., … Wolchok, 

J. D. (2015). Tumor-Expressed IDO Recruits and Activates MDSCs in a Treg-

Dependent Manner. Cell Reports. https://doi.org/10.1016/j.celrep.2015.08.077 

Hori, S., Nomura, T., & Sakaguchi, S. (2017). Control of regulatory T cell development by 

the transcription factor Foxp3. Journal of Immunology. 

https://doi.org/10.1126/science.1079490 

Howie, D., Cobbold, S. P., Adams, E., Ten Bokum, A., Necula, A. S., Zhang, W., … 

Waldmann, H. (2017). Foxp3 drives oxidative phosphorylation and protection from 

lipotoxicity. JCI Insight. https://doi.org/10.1172/jci.insight.89160 

Hsu, P., Santner-Nanan, B., Hu, M., Skarratt, K., Lee, C. H., Stormon, M., … Nanan, R. 

(2015). IL-10 Potentiates Differentiation of Human Induced Regulatory T Cells via 

STAT3 and Foxo1. The Journal of Immunology, 195(8), 3665–3674. 

https://doi.org/10.4049/jimmunol.1402898 

Hughes, P. D., Belz, G. T., Fortner, K. A., Budd, R. C., Strasser, A., & Bouillet, P. (2008). 

Apoptosis Regulators Fas and Bim Cooperate in Shutdown of Chronic Immune 

Responses and Prevention of Autoimmunity. Immunity, 28(2), 197–205. 

https://doi.org/10.1016/j.immuni.2007.12.017 

Imai, T., Nagira, M., Takagi, S., Kakizaki, M., Nishimura, M., Wang, J., … Yoshie, O. 

(1999). Selective recruitment of CCR4-bearing T(h)2 cells toward antigen-presenting 

cells by the CC chemokines thymus and activation-regulated chemokine and 



137 
 

macrophage-derived chemokine. International Immunology, 11(1), 81–88. 

https://doi.org/10.1093/intimm/11.1.81 

International Agency for Research on Cancer (IARC). (2018). GLOBOCAN 2018: Latest 

global cancer data. Press release No 263. (September), 13–15. Retrieved from 

http://gco.iarc.fr/, 

Isakov, N., & Altman, A. (2012). PKC-theta-mediated signal delivery from the TCR/CD28 

surface receptors. Frontiers in Immunology. https://doi.org/10.3389/fimmu.2012.00273 

Ishida, Y., Agata, Y., Shibahara, K., & Honjo, T. (1992). Induced expression of PD-1, a 

novel member of the immunoglobulin gene superfamily, upon programmed cell death. 

The EMBO Journal. https://doi.org/10.1002/j.1460-2075.1992.tb05481.x 

Jenabian, M. A., Seddiki, N., Yatim, A., Carriere, M., Hulin, A., Younas, M., … Levy, Y. 

(2013). Regulatory T Cells Negatively Affect IL-2 Production of Effector T Cells 

through CD39/Adenosine Pathway in HIV Infection. PLoS Pathogens. 

https://doi.org/10.1371/journal.ppat.1003319 

Jiang, L., He, H., Yang, P., Lin, X., Zhou, H., Huang, X., & Kijlstra, A. (2009). Splenic 

CD8+ T cells secrete TGF-β1 to exert suppression in mice with anterior chamber-

associated immune deviation. Graefe’s Archive for Clinical and Experimental 

Ophthalmology, 247(1), 87–92. https://doi.org/10.1007/s00417-008-0947-8 

Karachaliou, N., Gonzalez-Cao, M., Crespo, G., Drozdowskyj, A., Aldeguer, E., Gimenez-

Capitan, A., … Rosell, R. (2018). Interferon gamma, an important marker of response to 

immune checkpoint blockade in non-small cell lung cancer and melanoma patients. 

Therapeutic Advances in Medical Oncology, 10(14), 175883401774974. 

https://doi.org/10.1177/1758834017749748 

Karasaki, T., Qiang, G., Anraku, M., Sun, Y., Shinozaki-Ushiku, A., Sato, E., … Nakajima, J. 

(2018). High CCR4 expression in the tumor microenvironment is a poor prognostic 

indicator in lung adenocarcinoma. Journal of Thoracic Disease. 

https://doi.org/10.21037/jtd.2018.07.45 

Kariminia, A., Bourreau, E., Pascalis, H., Couppié, P., Sainte-Marie, D., Tacchini-Cottier, F., 

& Launois, P. (2005). Transforming growth factor β1 production by CD4+ CD25 + 

regulatory T cells in peripheral blood mononuclear cells from healthy subjects 



138 
 

stimulated with Leishmania guyanensis. Infection and Immunity. 

https://doi.org/10.1128/IAI.73.9.5908-5914.2005 

Kelly, A., Gunaltay, S., McEntee, C. P., Shuttleworth, E. E., Smedley, C., Houston, S. A., … 

Travis, M. A. (2018). Human monocytes and macrophages regulate immune tolerance 

via integrin αvβ8–mediated TGFβ activation. The Journal of Experimental Medicine, 

215(11), 2725–2736. https://doi.org/10.1084/jem.20171491 

Kim, G. Y., Ligons, D. L., Hong, C., Luckey, M. A., Keller, H. R., Tai, X., … Park, J.-H. 

(2012).  An In Vivo IL-7 Requirement for Peripheral Foxp3 + Regulatory T Cell 

Homeostasis . The Journal of Immunology. https://doi.org/10.4049/jimmunol.1102328 

Kim, Y. J., Han, M. K., & Broxmeyer, H. E. (2008). 4-1BB regulates NKG2D costimulation 

in human cord blood CD8+ T cells. Blood. https://doi.org/10.1182/blood-2007-01-

069450 

Kim, Y. J., Stringfield, T. M., Chen, Y., & Broxmeyer, H. E. (2005). Modulation of cord 

blood CD8+ T-cell effector differentiation by TGF-β1 and 4-1BB costimulation. Blood. 

https://doi.org/10.1182/blood-2003-12-4343 

Kimura, K., Hohjoh, H., Fukuoka, M., Sato, W., Oki, S., Tomi, C., … Yamamura, T. (2018). 

Circulating exosomes suppress the induction of regulatory T cells via let-7i in multiple 

sclerosis. Nature Communications, 9(1), 10–15. https://doi.org/10.1038/s41467-017-

02406-2 

Kirkbride, K. C., & Blobe, G. C. (2003). Inhibiting the TGF-β signalling pathway as a means 

of cancer immunotherapy. Expert Opinion on Biological Therapy. 

https://doi.org/10.1517/14712598.3.2.251 

Kmieciak, M., Gowda, M., Graham, L., Godder, K., Bear, H. D., Marincola, F. M., & 

Manjili, M. H. (2009). Human T cells express CD25 and Foxp3 upon activation and 

exhibit effector/memory phenotypes without any regulatory/suppressor function. 

Journal of Translational Medicine. https://doi.org/10.1186/1479-5876-7-89 

Kobie, J. J., Wu, R. S., Kurt, R. A., Lou, S., Adelman, M. K., Whitesell, L. J., … Akporiaye, 

E. T. (2003). Transforming growth factor β inhibits the antigen-presenting functions and 

antitumor activity of dendritic cell vaccines. Cancer Research. 

Koehler, H., Kofler, D., Hombach, A., & Abken, H. (2007). CD28 costimulation overcomes 



139 
 

transforming growth factor-β-mediated repression of proliferation of redirected human 

CD4+ and CD8 + T cells in an antitumor cell attack. Cancer Research, 67(5), 2265–

2273. https://doi.org/10.1158/0008-5472.CAN-06-2098 

Komai, T., Inoue, M., Okamura, T., Morita, K., Iwasaki, Y., Sumitomo, S., … Fujio, K. 

(2018). Transforming growth factor-β and interleukin-10 synergistically regulate 

humoral immunity via modulating metabolic signals. Frontiers in Immunology, 9(JUN), 

1–15. https://doi.org/10.3389/fimmu.2018.01364 

Konkel, J. E., Zhang, D., Zanvit, P., Chia, C., Zangarle-Murray, T., Jin, W., … Chen, W. J. 

(2017). Transforming Growth Factor-β Signaling in Regulatory T Cells Controls T 

Helper-17 Cells and Tissue-Specific Immune Responses. Immunity. 

https://doi.org/10.1016/j.immuni.2017.03.015 

Krummel, M. F., & Allison, J. P. (1995). CD28 and CTLA-4 have opposing effects on the 

response of T cells to stimulation. The Journal of Experimental Medicine, 182(2), 459–

465. https://doi.org/10.1126/science.271.5256.1734 

Kuhn, S., Yang, J., Ronchese, F., Baey, C., Hyde, E. J., Gilfillan, C. B., & Ruedl, C. (2018).  

Clec9A + Dendritic Cells Are Not Essential for Antitumor CD8 + T Cell Responses 

Induced by Poly I:C Immunotherapy . The Journal of Immunology, 200(8), 2978–2986. 

https://doi.org/10.4049/jimmunol.1701593 

Kulkarni, A. B., & Karlsson, S. (1993). Transforming growth factor-beta 1 knockout mice. A 

mutation in one cytokine gene causes a dramatic inflammatory disease. The American 

Journal of Pathology, 143(1), 3–9. Retrieved from 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1886965/pdf/amjpathol00067-

0011.pdf%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC1886965/%5Cnhttp://ww

w.ncbi.nlm.nih.gov/pmc/articles/PMC1886965/pdf/amjpathol00067-0011.pdf 

Lašt’ovička, J., Budinský, V., Špíšek, R., & Bartůňková, J. (2009). Assessment of 

lymphocyte proliferation: CFSE kills dividing cells and modulates expression of 

activation markers. Cellular Immunology, 256(1–2), 79–85. 

https://doi.org/10.1016/j.cellimm.2009.01.007 

Le, D. T., Ladle, B. H., Lee, T., Weiss, V., Yao, X., Leubner, A., … Jaffee, E. M. (2011). 

CD8+Foxp3+ tumor infiltrating lymphocytes accumulate in the context of an effective 

anti-tumor response. International Journal of Cancer, 129(3), 636–647. 



140 
 

https://doi.org/10.1002/ijc.25693 

Lewis, G. M., Wehrens, E. J., Labarta-Bajo, L., Streeck, H., & Zuniga, E. I. (2016). TGF-β 

receptor maintains CD4 T helper cell identity during chronic viral infections. Journal of 

Clinical Investigation, 126(10), 3799–3813. https://doi.org/10.1172/JCI87041 

Li, C., & Zuo, W. (2019). IL-10 in vitro could enhance IFNγ expression and suppress PD-1 

expression in CD8 T cells from esophageal cancer patients. Experimental Cell Research, 

379(2), 159–165. https://doi.org/10.1016/j.yexcr.2019.03.038 

Li, M. O., Sanjabi, S., & Flavell, R. A. A. (2006). Transforming Growth Factor-β Controls 

Development, Homeostasis, and Tolerance of T Cells by Regulatory T Cell-Dependent 

and -Independent Mechanisms. Immunity, 25(3), 455–471. 

https://doi.org/10.1016/j.immuni.2006.07.011 

Li, M. O., Wan, Y. Y., & Flavell, R. A. (2007). T Cell-Produced Transforming Growth 

Factor-β1 Controls T Cell Tolerance and Regulates Th1- and Th17-Cell Differentiation. 

Immunity. https://doi.org/10.1016/j.immuni.2007.03.014 

Li, P., Mo, Z., Wu, L., Yu, F., Yang, S., Han, S., & Jiao, S. (2018). New peptide MY1340 

revert the inhibition effect of VEGF on dendritic cells differentiation and maturation via 

blocking VEGF-NRP-1 axis and inhibit tumor growth in vivo. International 

Immunopharmacology, 60(May), 132–140. https://doi.org/10.1016/j.intimp.2018.04.025 

Lieber, S., Reinartz, S., Raifer, H., Finkernagel, F., Dreyer, T., Bronger, H., … Huber, M. 

(2018). Prognosis of ovarian cancer is associated with effector memory CD8 + T cell 

accumulation in ascites, CXCL9 levels and activation-triggered signal transduction in T 

cells. OncoImmunology, 7(5), e1424672. 

https://doi.org/10.1080/2162402X.2018.1424672 

Liénart, S., Merceron, R., Vanderaa, C., Lambert, F., Colau, D., Stockis, J., … Lucas, S. 

(2018). Structural basis of latent TGF-β1 presentation and activation by GARP on 

human regulatory T cells. Science, 362(6417), 952–956. 

https://doi.org/10.1126/science.aau2909 

Lin, L., Li, M., Lin, L., Xu, X., Jiang, G., & Wu, L. (2018). FPPS mediates TGF-β1-induced 

non-small cell lung cancer cell invasion and the EMT process via the RhoA/Rock1 

pathway. Biochemical and Biophysical Research Communications, 496(2), 536–541. 



141 
 

https://doi.org/10.1016/j.bbrc.2018.01.066 

Liu, G., Hua, S., & Pan, K. (2017). Prognostic significance of preoperative CD8 + central 

memory T cells for operable and advanced gastric cancer. 10(3), 3424–3430. 

Liu, V. C., Wong, L. Y., Jang, T., Shah, A. H., Park, I., Yang, X., … Lee, C. (2007).  Tumor 

Evasion of the Immune System by Converting CD4 + CD25 − T Cells into CD4 + CD25 

+ T Regulatory Cells: Role of Tumor-Derived TGF-β . The Journal of Immunology, 

178(5), 2883–2892. https://doi.org/10.4049/jimmunol.178.5.2883 

Lozano, T., Villanueva, L., Durántez, M., Gorraiz, M., Ruiz, M., Belsúe, V., … Lasarte, J. J. 

(2015). Inhibition of FOXP3/NFAT Interaction Enhances T Cell Function after TCR 

Stimulation. The Journal of Immunology, 195(7), 3180–3189. 

https://doi.org/10.4049/jimmunol.1402997 

Lúdvíksson, B. R., Seegers, D., Resnick, A. S., & Strober, W. (2000). The effect of TGF-β1 

on immune responses of naive versus memory CD4+ Th1/Th2 T cells. European 

Journal of Immunology, 30(7), 2101–2111. https://doi.org/10.1002/1521-

4141(200007)30:7<2101::AID-IMMU2101>3.0.CO;2-P 

Lukashev, D., Ohta, A., Apasov, S., Chen, J.-F., & Sitkovsky, M. (2004).  Cutting Edge: 

Physiologic Attenuation of Proinflammatory Transcription by the G s Protein-Coupled 

A2A Adenosine Receptor In Vivo . The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.173.1.21 

Ma, C., & Zhang, N. (2015). Transforming growth factor-β signaling is constantly shaping 

memory T-cell population. Proceedings of the National Academy of Sciences, 112(35), 

11013–11017. https://doi.org/10.1073/pnas.1510119112 

Ma, D., Jiang, C., Hu, X., Li, Q., Li, T., Yang, Y., & Li, O. (2014). Methylation patterns of 

the IFN-γ gene in cervical cancer tissues. Scientific Reports, 4, 1–6. 

https://doi.org/10.1038/srep06331 

Ma, Q., Shilkrut, M., Zhao, Z., Li, M., Batty, N., & Barber, B. (2018). Autoimmune 

comorbidities in patients with metastatic melanoma: a retrospective analysis of us claims 

data. BMC Cancer, 18(1), 145. https://doi.org/10.1186/s12885-018-4051-0 

Macián, F., López-Rodríguez, C., & Rao, A. (2001). Partners in transcription: NFAT and AP-

1. Oncogene. https://doi.org/10.1038/sj.onc.1204386 



142 
 

Mahmoud, S. M. A., Paish, E. C., Powe, D. G., Macmillan, R. D., Grainge, M. J., Lee, A. H. 

S., … Green, A. R. (2011). Tumor-Infiltrating CD8 + Lymphocytes Predict Clinical 

Outcome in Breast Cancer. Journal of Clinical Oncology, 29(15), 1949–1955. 

https://doi.org/10.1200/JCO.2010.30.5037 

Maj, T., Wang, W., Crespo, J., Zhang, H., Wang, W., Wei, S., … Zou, W. (2017). Oxidative 

stress controls regulatory T cell apoptosis and suppressor activity and PD-L1-blockade 

resistance in tumor. Nature Immunology, 18(12), 1332–1341. 

https://doi.org/10.1038/ni.3868 

Malhotra, N., Robertson, E., & Kang, J. (2010). SMAD2 is essential for TGFβ-mediated 

Th17 cell generation. Journal of Biological Chemistry. 

https://doi.org/10.1074/jbc.C110.156745 

Mandapathil, M., Hilldorfer, B., Szczepanski, M. J., Czystowska, M., Szajnik, M., Ren, J., … 

Whiteside, T. L. (2010). Generation and accumulation of immunosuppressive adenosine 

by human CD4+CD25highFOXP3+ regulatory T Cells. Journal of Biological 

Chemistry. https://doi.org/10.1074/jbc.M109.047423 

Mandapathil, M., Lang, S., Gorelik, E., & Whiteside, T. L. (2009). Isolation of functional 

human regulatory T cells (Treg) from the peripheral blood based on the CD39 

expression. Journal of Immunological Methods. 

https://doi.org/10.1016/j.jim.2009.05.004 

Mantel, P.-Y., Ouaked, N., Rückert, B., Karagiannidis, C., Welz, R., Blaser, K., & Schmidt-

Weber, C. B. (2006). Molecular Mechanisms Underlying FOXP3 Induction in Human T 

Cells. The Journal of Immunology, 176(6), 3593–3602. 

https://doi.org/10.4049/jimmunol.176.6.3593 

Mao, Y., Yin, S., Zhang, J., Hu, Y., Huang, B., Cui, L., … He, W. (2016). A new effect of 

IL-4 on human γδ cells: Promoting regulatory Vδ1 T cells via IL-10 production and 

inhibiting function of Vδ2 T cells. Cellular and Molecular Immunology, 13(2), 217–228. 

https://doi.org/10.1038/cmi.2015.07 

Mariathasan, S., Turley, S. J., Nickles, D., Castiglioni, A., Yuen, K., Wang, Y., … Powles, T. 

(2018). TGFβ attenuates tumour response to PD-L1 blockade by contributing to 

exclusion of T cells. Nature, 554(7693), 544–548. https://doi.org/10.1038/nature25501 



143 
 

Marsh, D., Dickinson, S., Neill, G. W., Marshall, J. F., Hart, I. R., & Thomas, G. J. (2008). 

αvβ6 integrin promotes the invasion of morphoeic basal cell carcinoma through stromal 

modulation. Cancer Research. https://doi.org/10.1158/0008-5472.CAN-08-0174 

Martinez, G. J., Zhang, Z., Chung, Y., Reynolds, J. M., Lin, X., Jetten, A. M., … Dong, C. 

(2009). Smad3 differentially regulates the induction of regulatory and inflammatory T 

cell differentiation. Journal of Biological Chemistry. 

https://doi.org/10.1074/jbc.C109.078238 

Martins, G. A., Cimmino, L., Liao, J., Magnusdottir, E., & Calame, K. (2008). Blimp-1 

directly represses Il2 and the Il2 activator Fos, attenuating T cell proliferation and 

survival. Journal of Experimental Medicine, 205(9), 1959–1965. 

https://doi.org/10.1084/jem.20080526 

Martins, I., Wang, Y., Michaud, M., Ma, Y., Sukkurwala, A. Q., Shen, S., … Kroemer, G. 

(2014). Molecular mechanisms of ATP secretion during immunogenic cell death. Cell 

Death and Differentiation. https://doi.org/10.1038/cdd.2013.75 

Martins, Isabelle, Tesniere, A., Kepp, O., Michaud, M., Schlemmer, F., Senovilla, L., … 

Kroemer, G. (2009). Chemotherapy induces ATP release from tumor cells. Cell Cycle. 

https://doi.org/10.4161/cc.8.22.10026 

Maynard, C. L., Harrington, L. E., Janowski, K. M., Oliver, J. R., Zindl, C. L., Rudensky, A. 

Y., & Weaver, C. T. (2007). Regulatory T cells expressing interleukin 10 develop from 

Foxp3+ and Foxp3- precursor cells in the absence of interleukin 10. Nature 

Immunology. https://doi.org/10.1038/ni1504 

McKarns, S. C., & Kaminski, N. E. (2000). TGF-β1 differentially regulates IL-2 expression 

and [3H]-thymidine incorporation in CD3ε mAb- and CD28 mAb-activated splenocytes 

and thymocytes. Immunopharmacology. https://doi.org/10.1016/S0162-3109(00)00183-

1 

McKarns, S. C., & Schwartz, R. H. (2005).  Distinct Effects of TGF-β1 on CD4 + and CD8 + 

T Cell Survival, Division, and IL-2 Production: A Role for T Cell Intrinsic Smad3 . The 

Journal of Immunology, 174(4), 2071–2083. 

https://doi.org/10.4049/jimmunol.174.4.2071 

Metelli, A., Salem, M., Wallace, C. H., Wu, B. X., Li, A., Li, X., & Li, Z. (2018). 



144 
 

Immunoregulatory functions and the therapeutic implications of GARP-TGF-β in 

inflammation and cancer. Journal of Hematology and Oncology, 11(1), 1–11. 

https://doi.org/10.1186/s13045-018-0570-z 

Metelli, A., Wu, B. X., Fugle, C. W., Rachidi, S., Sun, S., Zhang, Y., … Li, Z. (2016). 

Surface expression of TGFβ docking receptor GARP promotes oncogenesis and immune 

tolerance in breast cancer. Cancer Research. https://doi.org/10.1158/0008-5472.CAN-

16-1456 

Montes de Oca, M., Kumar, R., de Labastida Rivera, F., Amante, F. H., Sheel, M., Faleiro, R. 

J., … Engwerda, C. R. (2016). Blimp-1-Dependent IL-10 Production by Tr1 Cells 

Regulates TNF-Mediated Tissue Pathology. PLoS Pathogens, 12(1), 1–21. 

https://doi.org/10.1371/journal.ppat.1005398 

Morris, J. C., Tan, A. R., Olencki, T. E., Shapiro, G. I., Dezube, B. J., Reiss, M., … 

Lawrence, D. P. (2014). Phase I Study of GC1008 (Fresolimumab): A Human Anti-

Transforming Growth Factor-Beta (TGFβ) Monoclonal Antibody in Patients with 

Advanced Malignant Melanoma or Renal Cell Carcinoma. PLoS ONE, 9(3), e90353. 

https://doi.org/10.1371/journal.pone.0090353 

Mu, D., Cambier, S., Fjellbirkeland, L., Baron, J. L., Munger, J. S., Kawakatsu, H., … 

Nishimura, S. L. (2002). The integrin ανβ8 mediates epithelial homeostasis through 

MT1-MMP-dependent activation of TGF-β1. Journal of Cell Biology, 157(3), 493–507. 

https://doi.org/10.1083/jcb.200109100 

Mucida, D., Park, Y., Kim, G., Turovskaya, O., Scott, I., Kronenberg, M., & Cheroutre, H. 

(2007). Reciprocal TH17 and Regulatory T Cell Differentiation Mediated by Retinoic 

Acid. Science, 317(5835), 256–260. https://doi.org/10.1126/science.1145697 

Murawski, M. R., Litherland, S. A., Clare-Salzler, M. J., & Davoodi-Semiromi, A. (2006). 

Upregulation of Foxp3 expression in mouse and human Treg is IL-2/STAT5 dependent: 

Implications for the NOD STAT5B mutation in diabetes pathogenesis. Annals of the 

New York Academy of Sciences, 1079, 198–204. https://doi.org/10.1196/annals.1375.031 

Nakagawa, T., Lan, H. Y., Zhu, H. J., Kang, D. H., Schreiner, G. F., & Johnson, R. J. (2004). 

Differential regulation of VEGF by TGF-β and hypoxia in rat proximal tubular cells. 

American Journal of Physiology - Renal Physiology, 287(4 56-4), 658–664. 

https://doi.org/10.1152/ajprenal.00040.2004 



145 
 

Nakamura, K., Kitani, A., & Strober, W. (2001). Cell contact-dependent immunosuppression 

by CD4+CD25+ regulatory T cells is mediated by cell surface-bound transforming 

growth factor β. Journal of Experimental Medicine, 194(5), 629–644. 

https://doi.org/10.1084/jem.194.5.629 

Nakao, A., Imamura, T., Souchelnytskyi, S., Kawabata, M., Ishisaki, A., Oeda, E., … Ten 

Dijke, P. (1997). TGF-β receptor-mediated signalling through Smad2, Smad3 and 

Smad4. EMBO Journal, 16(17), 5353–5362. https://doi.org/10.1093/emboj/16.17.5353 

Narai, S., Watanabe, M., Hasegawa, H., Nishibori, H., Endo, T., Kubota, T., & Kitajima, M. 

(2002). Significance of transforming growth factor β1 as a new tumor marker for 

colorectal cancer. International Journal of Cancer. https://doi.org/10.1002/ijc.1631 

Neumann, C., Heinrich, F., Neumann, K., Junghans, V., Mashreghi, M. F., Ahlers, J., … 

Scheffold, A. (2014). Role of blimp-1 in programing th effector cells into IL-10 

producers. Journal of Experimental Medicine, 211(9), 1807–1819. 

https://doi.org/10.1084/jem.20131548 

Ogawa, C., Bankoti, R., Nguyen, T., Hassanzadeh-Kiabi, N., Nadeau, S., Porritt, R. A., … 

Martins, G. A. (2018). Blimp-1 Functions as a Molecular Switch to Prevent 

Inflammatory Activity in Foxp3+RORγt+ Regulatory T Cells. Cell Reports. 

https://doi.org/10.1016/j.celrep.2018.09.016 

Oh, S. A., & Li, M. O. (2013). TGF- : Guardian of T Cell Function. The Journal of 

Immunology, 191(8), 3973–3979. https://doi.org/10.4049/jimmunol.1301843 

Oh, Soyoung A., Liu, M., Nixon, B. G., Kang, D., Toure, A., Bivona, M., & Li, M. O. 

(2017). Foxp3-independent mechanism by which TGF-β controls peripheral T cell 

tolerance. Proceedings of the National Academy of Sciences of the United States of 

America, 114(36), E7536–E7544. https://doi.org/10.1073/pnas.1706356114 

Oswald, I. P., Gazzinelli, R. T., Sher, A., & James, S. L. (1992). IL-10 synergizes with IL-4 

and transforming growth factor-beta to inhibit macrophage cytotoxic activity. Journal of 

Immunology (Baltimore, Md. : 1950), 148(11), 3578–3582. Retrieved from 

http://www.ncbi.nlm.nih.gov/pubmed/1588047 

Otegbeye, F., Ojo, E., Moreton, S., Mackowski, N., Lee, D. A., de Lima, M., & Wald, D. N. 

(2018). Inhibiting TGF-beta signaling preserves the function of highly activated, in vitro 



146 
 

expanded natural killer cells in AML and colon cancer models. PLOS ONE, 13(1), 

e0191358. https://doi.org/10.1371/journal.pone.0191358 

Pandiyan, P., Zheng, L., Ishihara, S., Reed, J., & Lenardo, M. J. (2007). CD4+CD25+Foxp3+ 

regulatory T cells induce cytokine deprivation-mediated apoptosis of effector CD4+ T 

cells. Nature Immunology. https://doi.org/10.1038/ni1536 

Park, I.-K., Letterio, J. J., & Gorham, J. D. (2007). TGF-β1 inhibition of IFN-γ-induced 

signaling and Th1 gene expression in CD4+ T cells is Smad3 independent but MAP 

kinase dependent. Molecular Immunology, 44(13), 3283–3290. 

https://doi.org/10.1016/j.molimm.2007.02.024 

Park, M. J., Lee, S. H., Kim, E. K., Lee, E. J., Baek, J. A., Park, S. H., … Cho, M. La. (2018). 

Interleukin-10 produced by myeloid-derived suppressor cells is critical for the induction 

of Tregs and attenuation of rheumatoid inflammation in mice. Scientific Reports, 8(1), 

1–10. https://doi.org/10.1038/s41598-018-21856-2 

Park, B. V., Freeman, Z. T., Ghasemzadeh, A., Chattergoon, M. A., Rutebemberwa, A., 

Steigner, J., … Cox, A. L. (2016). TGFβ1-mediated SMAD3 enhances PD-1 expression 

on antigen-specific T cells in cancer. Cancer Discovery, 6(12), 1366–1381. 

https://doi.org/10.1158/2159-8290.CD-15-1347 

Parodi, A., Battaglia, F., Kalli, F., Ferrera, F., Conteduca, G., Tardito, S., … Filaci, G. 

(2013). CD39 is highly involved in mediating the suppression activity of tumor-

infiltrating CD8+ T regulatory lymphocytes. Cancer Immunology, Immunotherapy. 

https://doi.org/10.1007/s00262-013-1392-z 

Passerini, L., Allan, S. E., Battaglia, M., Di Nunzio, S., Alstad, A. N., Levings, M. K., … 

Bacchetta, R. (2008). STAT5-signaling cytokines regulate the expression of FOXP3 in 

CD4+CD25+ regulatory T cells and CD4+ CD25- effector T cells. International 

Immunology. https://doi.org/10.1093/intimm/dxn002 

Pellegatti, P., Raffaghello, L., Bianchi, G., Piccardi, F., Pistoia, V., & Di Virgilio, F. (2008). 

Increased level of extracellular ATP at tumor sites: In vivo imaging with plasma 

membrane luciferase. PLoS ONE. https://doi.org/10.1371/journal.pone.0002599 

Perkins, D., Wang, Z., Donovan, C., He, H., Mark, D., Guan, G., … Finn, P. W. (1996). 

Regulation of CTLA-4 expression during T cell activation. Journal of Immunology 



147 
 

(Baltimore, Md. : 1950). 

Pierson, W., Cauwe, B., Policheni, A., Schlenner, S. M., Franckaert, D., Berges, J., … Liston, 

A. (2013). Antiapoptotic Mcl-1 is critical for the survival and niche-filling capacity of 

Foxp3+ regulatory T cells. Nature Immunology, 14(9), 959–965. 

https://doi.org/10.1038/ni.2649 

Pinton, L., Solito, S., Damuzzo, V., Francescato, S., Pozzuoli, A., Berizzi, A., … 

Mandruzzato, S. (2016). Activated T cells sustain myeloid-derived suppressor 

cellmediated immune suppression. Oncotarget, 7(2), 1168–1184. 

https://doi.org/10.18632/oncotarget.6662 

Pittaluga, S., Wlodarska, I., Pulford, K., Campo, E., Morris, S. W., Van den Berghe, H., & 

De Wolf-Peeters, C. (1997). The monoclonal antibody ALK1 identifies a distinct 

morphological subtype of anaplastic large cell lymphoma associated with 2p23/ALK 

rearrangements. American Journal of Pathology, 151(2), 343–351. 

Qu, Y., Misaghi, S., Newton, K., Gilmour, L. L., Louie, S., Cupp, J. E., … Dixit, V. M. 

(2011). Pannexin-1 Is Required for ATP Release during Apoptosis but Not for 

Inflammasome Activation. The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.1100478 

Qureshi, O. S., Kaur, S., Hou, T. Z., Jeffery, L. E., Poulter, N. S., Briggs, Z., … Sansom, D. 

M. (2012). Constitutive clathrin-mediated endocytosis of CTLA-4 persists during T cell 

activation. Journal of Biological Chemistry. https://doi.org/10.1074/jbc.M111.304329 

Qureshi, O. S., Zheng, Y., Nakamura, K., Attridge, K., Manzotti, C., Schmidt, E. M., … 

Sansom, D. M. (2011). Trans-endocytosis of CD80 and CD86: A molecular basis for the 

cell-extrinsic function of CTLA-4. Science, 332(6029), 600–603. 

https://doi.org/10.1126/science.1202947 

Rafiq, K., Charitidou, L., Bullens, D. M. A., Kasran, A., Lorré, K., Ceuppens, J. L., & Van 

Gool, S. W. (2001). Regulation of the IL-10 production by human T cells. Scandinavian 

Journal of Immunology, 53(2), 139–147. https://doi.org/10.1046/j.1365-

3083.2001.00851.x 

Read, S., Malmström, V., & Powrie, F. (2000). Cytotoxic T lymphocyte-associated antigen 4 

plays an essential role in the function of CD25+CD4+ regulatory cells that control 



148 
 

intestinal inflammation. Journal of Experimental Medicine. 

https://doi.org/10.1084/jem.192.2.295 

Regateiro, F. S., Howie, D., Nolan, K. F., Agorogiannis, E. I., Greaves, D. R., Cobbold, S. P., 

& Waldmann, H. (2011). Generation of anti-inflammatory adenosine byleukocytes is 

regulated by TGF-β. European Journal of Immunology. 

https://doi.org/10.1002/eji.201141512 

Rekik, R., Belhadj Hmida, N., Ben Hmid, A., Zamali, I., Kammoun, N., & Ben Ahmed, M. 

(2015). PD-1 induction through TCR activation is partially regulated by endogenous 

TGF-β. Cellular and Molecular Immunology. https://doi.org/10.1038/cmi.2014.104 

Roberts, A. B., Anzano, M. A., Lamb, L. C., Smith, J. M., & Sporn, M. B. (1981). New class 

of transforming growth factors potentiated by epidermal growth factor: isolation from 

non-neoplastic tissues. Proceedings of the National Academy of Sciences, 78(9), 5339–

5343. https://doi.org/10.1073/pnas.78.9.5339 

Rodríguez-Perea, A. L., Arcia, E. D., Rueda, C. M., & Velilla, P. A. (2016). Phenotypical 

characterization of regulatory T cells in humans and rodents. Clinical and Experimental 

Immunology. https://doi.org/10.1111/cei.12804 

Rojas, A., Padidam, M., Cress, D., & Grady, W. M. (2009). TGF-β receptor levels regulate 

the specificity of signaling pathway activation and biological effects of TGF-β. 

Biochimica et Biophysica Acta - Molecular Cell Research. 

https://doi.org/10.1016/j.bbamcr.2009.02.001 

Ross, S., Cheung, E., Petrakis, T. G., Howell, M., Kraus, W. L., & Hill, C. S. (2006). Smads 

orchestrate specific histone modifications and chromatin remodeling to activate 

transcription. EMBO Journal, 25(19), 4490–4502. 

https://doi.org/10.1038/sj.emboj.7601332 

Rudra, D., DeRoos, P., Chaudhry, A., Niec, R. E., Arvey, A., Samstein, R. M., … Rudensky, 

A. Y. (2012). Transcription factor Foxp3 and its protein partners form a complex 

regulatory network. Nature Immunology, 13(10), 1010–1019. 

https://doi.org/10.1038/ni.2402 

Said, E. A., Dupuy, F. P., Trautmann, L., Zhang, Y., Shi, Y., El-Far, M., … Sekaly, R.-P. 

(2010). Programmed death-1–induced interleukin-10 production by monocytes impairs 



149 
 

CD4+ T cell activation during HIV infection. Nature Medicine, 16(4), 452–459. 

https://doi.org/10.1038/nm.2106 

Salem, M., Ansa-Addo, E., Guglietta, S., Riesenberg, B., Metelli, A., Kwon, H., … Liu, B. 

(2019). GARP Dampens Cancer Immunity by Sustaining Function and Accumulation of 

Regulatory T Cells in the Colon. Cancer Research, canres.2623.2018. 

https://doi.org/10.1158/0008-5472.can-18-2623 

Sallusto, F., Lenig, D., Mackay, C. R., & Lanzavecchia, A. (1998). Flexible programs of 

chemokine receptor expression on human polarized T helper 1 and 2 lymphocytes. 

Journal of Experimental Medicine, 187(6), 875–883. 

https://doi.org/10.1084/jem.187.6.875 

Sands, W. A., Martin, A. F., Strong, E. W., & Palmer, T. M. (2004). Specific inhibition of 

nuclear factor-κB-dependent inflammatory responses by cell type-specific mechanisms 

upon A2A adenosine receptor gene transfer. Molecular Pharmacology. 

https://doi.org/10.1124/mol.104.001107 

Santin, A. D., Hermonat, P. L., Ravaggi, A., Bellone, S., Pecorelli, S., Roman, J. J., … 

Cannon, M. J. (2000). Interleukin-10 Increases Th1 Cytokine Production and Cytotoxic 

Potential in Human Papillomavirus-Specific CD8+ Cytotoxic T Lymphocytes. Journal 

of Virology, 74(10), 4729–4737. https://doi.org/10.1128/jvi.74.10.4729-4737.2000 

Sato, E., Odunsi, K., Kepner, J., Odunsi, T., Chen, Y.-T., Olson, S. H., … Jungbluth, A. A. 

(2005). Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory 

T cell ratio are associated with favorable prognosis in ovarian cancer. Proceedings of the 

National Academy of Sciences, 102(51), 18538–18543. 

https://doi.org/10.1073/pnas.0509182102 

Scharpfenecker, M., van Dinther, M., Liu, Z., van Bezooijen, R. L., Zhao, Q., Pukac, L., … 

ten Dijke, P. (2007). BMP-9 signals via ALK1 and inhibits bFGF-induced endothelial 

cell proliferation and VEGF-stimulated angiogenesis. Journal of Cell Science, 120(6), 

964–972. https://doi.org/10.1242/jcs.002949 

Schlenner, S. M., Weigmann, B., Ruan, Q., Chen, Y., & von Boehmer, H. (2012). Smad3 

binding to the foxp3 enhancer is dispensable for the development of regulatory T cells 

with the exception of the gut. Journal of Experimental Medicine. 

https://doi.org/10.1084/jem.20112646 



150 
 

Schmid, P., Cortes, J., Pusztai, L., McArthur, H., Kümmel, S., Bergh, J., … O’Shaughnessy, 

J. (2020). Pembrolizumab for Early Triple-Negative Breast Cancer. New England 

Journal of Medicine. https://doi.org/10.1056/NEJMoa1910549 

Schuler, P. J., Saze, Z., Hong, C. S., Muller, L., Gillespie, D. G., Cheng, D., … Whiteside, T. 

L. (2014). Human CD4+CD39+ regulatory T cells produce adenosine upon co-

expression of surface CD73 or contact with CD73+ exosomes or CD73+ cells. Clinical 

and Experimental Immunology. https://doi.org/10.1111/cei.12354 

Scurr, M., Ladell, K., Besneux, M., Christian, A., Hockey, T., Smart, K., … Godkin, A. 

(2014). Highly prevalent colorectal cancer-infiltrating LAP + Foxp3 - T cells exhibit 

more potent immunosuppressive activity than Foxp3 + regulatory T cells. Mucosal 

Immunology, 7(2), 428–439. https://doi.org/10.1038/mi.2013.62 

Sevigny, C. P., Li, L., Awad, A. S., Huang, L., McDuffie, M., Linden, J., … Okusa, M. D. 

(2007). Activation of Adenosine 2A Receptors Attenuates Allograft Rejection and 

Alloantigen Recognition. The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.178.7.4240 

Sharma, A., Subudhi, S. K., Blando, J., Scutti, J., Vence, L., Wargo, J., … Sharma, P. (2018). 

Anti-CTLA-4 Immunotherapy Does Not Deplete FOXP3 þ Regulatory T Cells ( Tregs ) 

in Human Cancers. 1–7. https://doi.org/10.1158/1078-0432.CCR-18-0762 

Sharma, S., Stolina, M., Lin, Y., Gardner, B., Miller, P. W., Kronenberg, M., & Dubinett, S. 

M. (1999). T cell-derived IL-10 promotes lung cancer growth by suppressing both T cell 

and APC function. Journal of Immunology (Baltimore, Md. : 1950), 163(9), 5020–5028. 

Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10528207 

Shi, M., Zhu, J., Wang, R., Chen, X., Mi, L., Walz, T., & Springer, T. A. (2011). Latent TGF-

β structure and activation. Nature, 474(7351), 343–351. 

https://doi.org/10.1038/nature10152 

Simonetta, F., Gestermann, N., Bloquet, S., & Bourgeois, C. (2014). Interleukin-7 optimizes 

FOXP3+CD4+ regulatory T cells reactivity to interleukin-2 by modulating CD25 

expression. PLoS ONE. https://doi.org/10.1371/journal.pone.0113314 

Smyth, M. J., Strobl, S. L., Young, H. A., Ortaldo, J. R., & Ochoa, A. C. (1991). Regulation 

of lymphokine-activated killer activity and pore-forming protein gene expression in 



151 
 

human peripheral blood CD8+ T lymphocytes. Inhibition by transforming growth factor-

beta. Journal of Immunology (Baltimore, Md. : 1950). 

Sorrentino, C., Hossain, F., Rodriguez, P. C., Sierra, R. A., Pannuti, A., Osborne, B. A., … 

Morello, S. (2019). Adenosine A2A receptor stimulation inhibits TCR-induced Notch1 

activation in CD8+T-cells. Frontiers in Immunology. 

https://doi.org/10.3389/fimmu.2019.00162 

Stevanović, S., Draper, L. M., Langhan, M. M., Campbell, T. E., Kwong, M. L., Wunderlich, 

J. R., … Hinrichs, C. S. (2015). Complete regression of metastatic cervical cancer after 

treatment with human papillomavirus-targeted tumor-infiltrating T cells. Journal of 

Clinical Oncology. https://doi.org/10.1200/JCO.2014.58.9093 

Stockis, J., Liénart, S., Colau, D., Collignon, A., Nishimura, S. L., Sheppard, D., … Lucas, S. 

(2017). Blocking immunosuppression by human Tregs in vivo with antibodies targeting 

integrin αVβ8. Proceedings of the National Academy of Sciences, 114(47), E10161–

E10168. https://doi.org/10.1073/pnas.1710680114 

Strainic, M. G., Shevach, E. M., An, F., Lin, F., & Medof, M. E. (2013). Absence of 

signaling into CD4+ cells via C3aR and C5aR enables autoinductive TGF-β1 signaling 

and induction of Foxp3+ regulatory T cells. Nature Immunology, 14(2), 162–171. 

https://doi.org/10.1038/ni.2499 

Strainic, M., Shevach, E., An, F., Lin, F., & Medof, M. (2013). Absent C3a and C5a receptor 

signaling into CD4+ T cells enables auto-inductive TGF-β1 signaling and induction of 

Foxp3+ T regulatory cells. Nature Immunology, 14(2), 162–171. 

https://doi.org/10.1007/978-1-4614-5915-6 

Strauss, L., Bergmann, C., & Whiteside, T. L. (2009).  Human Circulating CD4 + CD25 high 

Foxp3 + Regulatory T Cells Kill Autologous CD8 + but Not CD4 + Responder Cells by 

Fas-Mediated Apoptosis . The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.182.3.1469 

Su, N., Xiao, C., Wei, Y., Kou, Q., & Jiang, Z. (2018). The role of ERK and Smad2 signal 

pathways in the alternatively activated macrophages induced by TGF-β1 and high-

ambient glucose. Journal of Receptors and Signal Transduction, 38(1), 27–30. 

https://doi.org/10.1080/10799893.2017.1407340 



152 
 

Sun, J., Madan, R., Karp, C. L., & Braciale, T. J. (2009). Effector T cells control lung 

inflammation during acute influenza virus infection by producing IL-10. Nature 

Medicine, 15(3), 277–284. https://doi.org/10.1038/nm.1929 

Sun, X., Wu, Y., Gao, W., Enjyoji, K., Csizmadia, E., Müller, C. E., … Robson, S. C. (2010). 

CD39/ENTPD1 expression by CD4+Foxp3+ regulatory T cells promotes hepatic 

metastatic tumor growth in mice. Gastroenterology. 

https://doi.org/10.1053/j.gastro.2010.05.007 

Sung, J. L., Lin, J. T., & Gorham, J. D. (2003). CD28 co-stimulation regulates the effect of 

transforming growth factor-β1 on the proliferation of naïve CD4+ T cells. International 

Immunopharmacology, 3(2), 233–245. https://doi.org/10.1016/S1567-5769(02)00276-X 

Tai, X., Erman, B., Alag, A., Mu, J., Kimura, M., Katz, G., … Singer, A. (2013a). Foxp3 

Transcription Factor Is Proapoptotic and Lethal to Developing Regulatory T Cells unless 

Counterbalanced by Cytokine Survival Signals. Immunity. 

https://doi.org/10.1016/j.immuni.2013.02.022 

Tai, X., Erman, B., Alag, A., Mu, J., Kimura, M., Katz, G., … Singer, A. (2013b). Foxp3 

Transcription Factor Is Proapoptotic and Lethal to Developing Regulatory T Cells unless 

Counterbalanced by Cytokine Survival Signals. Immunity, 38(6), 1116–1128. 

https://doi.org/10.1016/j.immuni.2013.02.022 

Takahashi, T., Tagami, T., Yamazaki, S., Uede, T., Shimizu, J., Sakaguchi, N., … Sakaguchi, 

S. (2000). Immunologic self-tolerance maintained by CD25+CD4+ regulatory T cells 

constitutively expressing cytotoxic T lymphocyte-associated antigen 4. Journal of 

Experimental Medicine. https://doi.org/10.1084/jem.192.2.303 

Takasaka, N., Seed, R. I., Cormier, A., Bondesson, A. J., Lou, J., Elattma, A., … Nishimura, 

S. L. (2018). Integrin αvβ8–expressing tumor cells evade host immunity by regulating 

TGF-β activation in immune cells. JCI Insight, 3(20), 1–17. 

https://doi.org/10.1172/jci.insight.122591 

Takimoto, T., Wakabayashi, Y., Sekiya, T., Inoue, N., Morita, R., Ichiyama, K., … 

Yoshimura, A. (2010). Smad2 and Smad3 Are Redundantly Essential for the TGF-β–

Mediated Regulation of Regulatory T Plasticity and Th1 Development. The Journal of 

Immunology. https://doi.org/10.4049/jimmunol.0904100 



153 
 

Takimoto, T., Wakabayashi, Y., Sekiya, T., Inoue, N., Morita, R., Ichiyama, K., … 

Yoshimura, A. (2011). Correction: Smad2 and Smad3 Are Redundantly Essential for the 

TGF-β–Mediated Regulation of Regulatory T Plasticity and Th1 Development. The 

Journal of Immunology, 186(1), 632–632. https://doi.org/10.4049/jimmunol.1090121 

Taniguchi, T., & Minami, Y. (1993). The IL-2 IL-2 receptor system: A current overview. 

Cell. https://doi.org/10.1016/0092-8674(93)90152-G 

Tauriello, D. V. F., Palomo-Ponce, S., Stork, D., Berenguer-Llergo, A., Badia-Ramentol, J., 

Iglesias, M., … Batlle, E. (2018). TGFβ drives immune evasion in genetically 

reconstituted colon cancer metastasis. Nature, 554(7693), 538–543. 

https://doi.org/10.1038/nature25492 

Terabe, M., Robertson, F. C., Clark, K., De Ravin, E., Bloom, A., Venzon, D. J., … 

Berzofsky, J. A. (2017). Blockade of only TGF-β 1 and 2 is sufficient to enhance the 

efficacy of vaccine and PD-1 checkpoint blockade immunotherapy. OncoImmunology, 

6(5), e1308616. https://doi.org/10.1080/2162402X.2017.1308616 

Terra, M., Oberkampf, M., Fayolle, C., Rosenbaum, P., Guillerey, C., Dadaglio, G., & 

Leclerc, C. (2018). Tumor-derived TGFb alters the ability of plasmacytoid dendritic 

cells to respond to innate immune signaling. Cancer Research, 78(11), 3014–3026. 

https://doi.org/10.1158/0008-5472.CAN-17-2719 

Thepmalee, C., Panya, A., Junking, M., Chieochansin, T., & Yenchitsomanus, P. thai. (2018). 

Inhibition of IL-10 and TGF-β receptors on dendritic cells enhances activation of 

effector T-cells to kill cholangiocarcinoma cells. Human Vaccines and 

Immunotherapeutics, 14(6), 1423–1431. 

https://doi.org/10.1080/21645515.2018.1431598 

Thomas, D. A., & Massagué, J. (2005). TGF-β directly targets cytotoxic T cell functions 

during tumor evasion of immune surveillance. Cancer Cell, 8(5), 369–380. 

https://doi.org/10.1016/j.ccr.2005.10.012 

Thornton, A. M., & Shevach, E. M. (1998). CD4+CD25+ immunoregulatory T cells suppress 

polyclonal T cell activation in vitro by inhibiting interleukin 2 production. Journal of 

Experimental Medicine. https://doi.org/10.1084/jem.188.2.287 

Tiemessen, M. M., Kunzmann, S., Schmidt-Weber, C. B., Garssen, J., Bruijnzeel-Koomen, 



154 
 

C. A. F. M., Knol, E. F., & Van Hoffen, E. (2003). Transforming growth factor-β 

inhibits human antigen-specific CD4+ T cell proliferation without modulating the 

cytokine response. International Immunology, 15(12), 1495–1504. 

https://doi.org/10.1093/intimm/dxg147 

Tomasetti, C., Li, L., & Vogelstein, B. (2017). Stem cell divisions, somatic mutations, cancer 

etiology, and cancer prevention. Science, 355(6331), 1330–1334. 

https://doi.org/10.1126/science.aaf9011 

Tone, Y., Furuuchi, K., Kojima, Y., Tykocinski, M. L., Greene, M. I., & Tone, M. (2008). 

Smad3 and NFAT cooperate to induce Foxp3 expression through its enhancer. Nature 

Immunology, 9(2), 194–202. https://doi.org/10.1038/ni1549 

Tran, D. Q., Wang, R., Unutmaz, D., Ramsey, H., Andersson, J., & Shevach, E. M. (2009). 

GARP (LRRC32) is essential for the surface expression of latent TGF-  on platelets and 

activated FOXP3+ regulatory T cells. Proceedings of the National Academy of Sciences, 

106(32), 13445–13450. https://doi.org/10.1073/pnas.0901944106 

Trandem, K., Zhao, J., Fleming, E., & Perlman, S. (2011). Highly Activated Cytotoxic CD8 

T Cells Express Protective IL-10 at the Peak of Coronavirus-Induced Encephalitis. The 

Journal of Immunology, 186(6), 3642–3652. https://doi.org/10.4049/jimmunol.1003292 

Travis, M. A., Reizis, B., Melton, A. C., Masteller, E., Tang, Q., Proctor, J. M., … Sheppard, 

D. (2007). Loss of integrin αvβ8 on dendritic cells causes autoimmunity and colitis in 

mice. Nature, 449(7160), 361–365. https://doi.org/10.1038/nature06110 

Trotta, R., Col, J. D., Yu, J., Ciarlariello, D., Thomas, B., Zhang, X., … Caligiuri, M. A. 

(2008). TGF-β Utilizes SMAD3 to Inhibit CD16-Mediated IFN-γ Production and 

Antibody-Dependent Cellular Cytotoxicity in Human NK Cells. The Journal of 

Immunology. https://doi.org/10.4049/jimmunol.181.6.3784 

Tu, E., Chia, C. P. Z., Chen, W., Zhang, D., Park, S. A., Jin, W., … Chen, W. J. (2018). T 

Cell Receptor-Regulated TGF-β Type I Receptor Expression Determines T Cell 

Quiescence and Activation. Immunity, 48(4), 745-759.e6. 

https://doi.org/10.1016/j.immuni.2018.03.025 

Uhlig, H. H., Coombes, J., Mottet, C., Izcue, A., Thompson, C., Fanger, A., … Powrie, F. 

(2006a).  Characterization of Foxp3 + CD4 + CD25 + and IL-10-Secreting CD4 + CD25 



155 
 

+ T Cells during Cure of Colitis . The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.177.9.5852 

Uhlig, H. H., Coombes, J., Mottet, C., Izcue, A., Thompson, C., Fanger, A., … Powrie, F. 

(2006b). Characterization of Foxp3 + CD4 + CD25 + and IL-10-Secreting CD4 + CD25 

+ T Cells during Cure of Colitis. The Journal of Immunology, 177(9), 5852–5860. 

https://doi.org/10.4049/jimmunol.177.9.5852 

Unsöld, C., Hyytiäinen, M., Bruckner-Tuderman, L., & Keski-Oja, J. (2001). Latent TGF-β 

binding protein LTBP-1 contains three potential extracellular matrix interacting 

domains. Journal of Cell Science. 

Uryvaev, A., Passhak, M., Hershkovits, D., Sabo, E., & Bar-Sela, G. (2018). The role of 

tumor-infiltrating lymphocytes (TILs) as a predictive biomarker of response to anti-PD1 

therapy in patients with metastatic non-small cell lung cancer or metastatic melanoma. 

Medical Oncology, 35(3), 1–9. https://doi.org/10.1007/s12032-018-1080-0 

Vaeth, M., Schliesser, U., Mul̈ler, G., Reissig, S., Satoh, K., Tuettenberg, A., … Berberich-

Siebelt, F. (2012). Dependence on nuclear factor of activated T-cells (NFAT) levels 

discriminates conventional T cells from Foxp3+ regulatory T cells. Proceedings of the 

National Academy of Sciences of the United States of America, 109(40), 16258–16263. 

https://doi.org/10.1073/pnas.1203870109 

Valk, E., Rudd, C. E., & Schneider, H. (2008). CTLA-4 trafficking and surface expression. 

Trends in Immunology. https://doi.org/10.1016/j.it.2008.02.011 

Vázquez, P. F., Carlini, M. J., Daroqui, M. C., Colombo, L., Dalurzo, M. L., Smith, D. E., … 

Puricelli, L. (2013). TGF-beta specifically enhances the metastatic attributes of murine 

lung adenocarcinoma: Implications for human non-small cell lung cancer. Clinical and 

Experimental Metastasis, 30(8), 993–1007. https://doi.org/10.1007/s10585-013-9598-1 

Vieira, P. L., O’Garra, A., Barrat, F. J., Minaee, S., Barthlott, T., Christensen, J. R., … 

Stockinger, B. (2014). IL-10-Secreting Regulatory T Cells Do Not Express Foxp3 but 

Have Comparable Regulatory Function to Naturally Occurring CD4+CD25+ Regulatory 

T Cells. The Journal of Immunology, 172(10), 5986–5993. 

https://doi.org/10.4049/jimmunol.172.10.5986 

Viel, S., Marçais, A., Guimaraes, F. S.-F., Loftus, R., Rabilloud, J., Grau, M., … Walzer, T. 



156 
 

(2016). TGF-β inhibits the activation and functions of NK cells by repressing the mTOR 

pathway. Science Signaling, 9(415), ra19–ra19. 

https://doi.org/10.1126/scisignal.aad1884 

Villegas-mendez, A., Shaw, T. N., Inkson, C. A., Strangward, P., & Couper, K. N. (2015). 

Lymphoid and Nonlymphoid Compartments and Are Controlled Systemically by 

Interleukin-27 and ICOS during Blood-Stage Malaria Infection. Infection and Immunity, 

84(1), 34–46. https://doi.org/10.1128/IAI.01100-15.Editor 

Visco, C., Vassilakopoulos, T. P., Kliche, K. O., Nadali, G., Viviani, S., Bonfante, V., … 

Sarris, A. H. (2004). Elevated serum levels of IL-10 are associated with inferior 

progression-free survival in patients with Hodgkin’s disease treated with radiotherapy. 

Leukemia and Lymphoma. https://doi.org/10.1080/10428190410001712234 

Wahl, S. M., Hunt, D. A., Wong, H. L., Dougherty, S., Wahl, L. M., Ellingsworth, L., … 

Sporn, M. B. (1988). Transforming growth factor-beta is a potent immunosuppressive 

agent that inhibits IL-1-dependent lymphocyte proliferation. The Journal of 

Immunology, 140(9), 3026–3032. 

Walker, M. R., Kasprowicz, D. J., Gersuk, V. H., Bènard, A., Van Landeghen, M., Buckner, 

J. H., & Ziegler, S. F. (2003). Induction of FoxP3 and acquisition of T regulatory 

activity by stimulated human CD4+CD25- T cells. Journal of Clinical Investigation, 

112(9), 1437–1443. https://doi.org/10.1172/JCI200319441 

Wallace, C. H., Wu, B. X., Salem, M., Ansa-addo, E. A., Metelli, A., Sun, S., … Li, Z. 

(2018). RESEARCH ARTICLE B lymphocytes confer immune tolerance via cell surface 

GARP-TGF- β complex. 3(7), 1–18. 

Wallace, C. H., Wu, B. X., Salem, M., Ansa-Addo, E. A., Metelli, A., Sun, S., … Li, Z. 

(2018). B lymphocytes confer immune tolerance via cell surface GARP-TGF-β 

complex. JCI Insight, 3(7). https://doi.org/10.1172/jci.insight.99863 

Wang, F., Xu, J., Zhu, Q., Qin, X., Cao, Y., Lou, J., … Pan, S. (2013). Downregulation of 

IFNG in CD4+ T cells in lung cancer through hypermethylation: A possible mechanism 

of tumor-induced immunosuppression. PLoS ONE, 8(11), 2–9. 

https://doi.org/10.1371/journal.pone.0079064 

Wang, H.-X., Sharma, C., Knoblich, K., Granter, S. R., & Hemler, M. E. (2015). EWI-2 



157 
 

negatively regulates TGF-β signaling leading to altered melanoma growth and 

metastasis. Cell Research, 25(3), 370–385. https://doi.org/10.1038/cr.2015.17 

Wang, J., Ioan-Facsinay, A., van der Voort, E. I. H., Huizinga, T. W. J., & Toes, R. E. M. 

(2007). Transient expression of FOXP3 in human activated nonregulatory CD4+ T cells. 

European Journal of Immunology, 37(1), 129–138. 

https://doi.org/10.1002/eji.200636435 

Wang, R., Kozhaya, L., Mercer, F., Khaitan, A., Fujii, H., & Unutmaz, D. (2009). Expression 

of GARP selectively identifies activated human FOXP3+ regulatory T cells. 

Proceedings of the National Academy of Sciences, 106(32), 13439–13444. 

https://doi.org/10.1073/pnas.0901965106 

Wang, R., Wan, Q., Kozhaya, L., Fujii, H., & Unutmaz, D. (2008). Identification of a 

regulatory T cell specific cell surface molecule that mediates suppressive signals and 

induces Foxp3 expression. PLoS ONE, 3(7), 1–9. 

https://doi.org/10.1371/journal.pone.0002705 

Wang, R., Zhu, J., Dong, X., Shi, M., Lu, C., & Springer, T. A. (2012). GARP regulates the 

bioavailability and activation of TGFβ. Molecular Biology of the Cell, 23(6), 1129–

1139. https://doi.org/10.1091/mbc.e11-12-1018 

Ward-Hartstonge, K. A., McCall, J. L., McCulloch, T. R., Kamps, A. K., Girardin, A., 

Cretney, E., … Kemp, R. A. (2017). Inclusion of BLIMP-1+ effector regulatory T cells 

improves the Immunoscore in a cohort of New Zealand colorectal cancer patients: a 

pilot study. Cancer Immunology, Immunotherapy. https://doi.org/10.1007/s00262-016-

1951-1 

Waugh, K. A., Leach, S. M., Moore, B. L., Bruno, T. C., Buhrman, J. D., & Slansky, J. E. 

(2016).  Molecular Profile of Tumor-Specific CD8 + T Cell Hypofunction in a 

Transplantable Murine Cancer Model . The Journal of Immunology, 197(4), 1477–1488. 

https://doi.org/10.4049/jimmunol.1600589 

Worthington, J. J., Kelly, A., Smedley, C., Bauché, D., Campbell, S., Marie, J. C., & Travis, 

M. A. (2015). Integrin αvβ8-Mediated TGF-β Activation by Effector Regulatory T Cells 

Is Essential for Suppression of T-Cell-Mediated Inflammation. Immunity, 42(5), 903–

915. https://doi.org/10.1016/j.immuni.2015.04.012 



158 
 

Wrana, J. L., Attisano, L., Wieser, R., Ventura, F., & Massagué, J. (1994). Mechanism of 

activation of the TGF-β receptor. Nature, 370(6488), 341–347. 

https://doi.org/10.1038/370341a0 

Xiu, B., Lin, Y., Grote, D. M., Ziesmer, S. C., Gustafson, M. P., Maas, M. L., … Ansell, S. 

M. (2015). IL-10 induces the development of immunosuppressive CD14+ HLA-

DRlow/- monocytes in B-cell non-Hodgkin lymphoma. Blood Cancer Journal, 5(7). 

https://doi.org/10.1038/bcj.2015.56 

Xu, L., Kitani, A., & Strober, W. (2010). Molecular mechanisms regulating TGF-Β-induced 

Foxp3 expression. Mucosal Immunology. https://doi.org/10.1038/mi.2010.7 

Yang, W. F., Yu, J. M., Zuo, W. S., & Wang, S. Z. (2006). Expression of CD80, CD86, TGF-

beta1 and IL-10 mRNA in the esophageal carcinoma. Zhonghua Zhong Liu Za Zhi 

[Chinese Journal of Oncology]. 

Yates, J., Rovis, F., Mitchell, P., Afzali, B., Tsang, J. Y. S., Garin, M., … Garden, O. A. 

(2007). The maintenance of human CD4+CD25+ regulatory T cell function: IL-2, IL-4, 

IL-7 and IL-15 preserve optimal suppressive potency in vitro. International 

Immunology. https://doi.org/10.1093/intimm/dxm047 

Ye, Z., Huang, H., Hao, S., Xu, S., Yu, H., Van Den Hurk, S., & Xiang, J. (2007). IL-10 has 

a distinct immunoregulatory effect on naive and active T cell subsets. Journal of 

Interferon and Cytokine Research, 27(12), 1031–1038. 

https://doi.org/10.1089/jir.2006.0144 

Yuan, X., Dong, Y., Tsurushita, N., Tso, J. Y., & Fu, W. (2018). CD122 blockade restores 

immunological tolerance in autoimmune type 1 diabetes via multiple mechanisms. JCI 

Insight. https://doi.org/10.1172/jci.insight.96600 

Zeng, H., Zhang, R., Jin, B., & Chen, L. (2015). Type 1 regulatory T cells: A new mechanism 

of peripheral immune tolerance. Cellular and Molecular Immunology. 

https://doi.org/10.1038/cmi.2015.44 

Zhang, Y., Chang, C., Gehling, D. J., Hemmati-Brivanlou, A., & Derynck, R. (2001). 

Regulation of Smad degradation and activity by Smurf2, an E3 ubiquitin ligase. 

Proceedings of the National Academy of Sciences of the United States of America, 98(3), 

974–979. https://doi.org/10.1073/pnas.98.3.974 



159 
 

Zheng, S. G., Gray, J. D., Ohtsuka, K., Yamagiwa, S., & Horwitz, D. A. (2002).  Generation 

Ex Vivo of TGF-β-Producing Regulatory T Cells from CD4 + CD25 − Precursors . The 

Journal of Immunology. https://doi.org/10.4049/jimmunol.169.8.4183 

Zheng, Y., Josefowicz, S. Z., Kas, A., Chu, T. T., Gavin, M. A., & Rudensky, A. Y. (2007). 

Genome-wide analysis of Foxp3 target genes in developing and mature regulatory T 

cells. Nature, 445(7130), 936–940. https://doi.org/10.1038/nature05563 

Zimmer, Kim, Sprang, Leukel, Khafaji, Ringel, … Tuettenberg. (2019). GARP as an Immune 

Regulatory Molecule in the Tumor Microenvironment of Glioblastoma Multiforme. 

International Journal of Molecular Sciences, 20(15), 3676. 

https://doi.org/10.3390/ijms20153676 

Zorn, E., Nelson, E. A., Mohseni, M., Porcheray, F., Kim, H., Litsa, D., … Ritz, J. (2006). 

IL-2 regulates FOXP3 expression in human CD4+CD25+ regulatory T cells through a 

STAT-dependent mechanism and induces the expansion of these cells in vivo. Blood, 

108(5), 1571–1579. https://doi.org/10.1182/blood-2006-02-004747 

 


	Interactions of TGFβ and FoxP3 in human T lymphocytes
	Abstract
	Acknowledgements
	Table of Contents
	Table of Figures
	Table of Tables
	Table of Equations
	List of Abbreviations
	Chapter 1  Introduction
	1.1 Barriers in immunotherapy
	1.2 TGFβ function
	1.3 Leucine rich repeat containing 32 (LRRC32)/ Glycoprotein A repetitions predominant (GARP)
	Integrins αVβ6 and αVβ8

	1.4 TGFβ signalling
	SMAD pathway

	1.5 Immunosuppressive effect of TGFβ on T lymphocytes
	1.6 Effect of TGFβ on various other leukocytes
	1.7 T lymphocyte activation
	1.8 CD4+ helper T Lymphocytes
	1.9 CD4+ Regulatory T lymphocytes (Tregs)
	1.10 CD8+ T Lymphocytes
	1.10.1 CD8+ Cytotoxic T lymphocytes
	1.10.2 CD8+ Treg cells

	1.11 FoxP3 and BLIMP1 transcription factors
	1.12 The conflicting roles of IL-10 in T lymphocyte biology
	1.13 The proposed direction of research

	Chapter 2 Methods
	2.1 Cell culture methods
	2.1.1 Cell culture media
	2.1.2 Primary culture of T lymphocytes
	2.1.3 Cryopreservation of cells
	2.1.4 Thawing of cryopreserved cells
	2.1.5 PBMC extraction from whole blood
	2.1.6 MACS cell enrichments

	2.2 Flow cytometry methods
	2.2.1 Surface marker staining
	2.2.2 Intracellular/intranuclear staining
	2.2.3 Indirect flow cytometry
	2.2.4 Dead cell exclusion
	2.2.5 Flow cytometers used
	Cytek™ Aurora and Cytek™ Northern Lights
	BD Accuri™ C6

	2.2.6 Data acquisition
	2.2.7 Data analysis
	2.2.8 In house antibody conjugation
	2.2.9 Antibody titrations
	2.2.10 Statistical analysis

	2.3 Immunocytochemistry methods
	2.3.1 Sample preparation
	2.3.2 Antibodies used for Immunocytochemistry
	Primary antibodies
	Secondary antibodies

	2.3.3 Microscopy
	2.3.4 Image analysis
	2.3.5 Statistical analysis

	2.4 Standard Immunological methods
	2.4.1 Cell Counting
	2.4.2 Labelling cells with amine-reactive dyes
	2.4.3 T lymphocyte bead activation
	2.4.4 Standard time course assay


	Chapter 3  The effects of TGFβ on T lymphocyte functionality
	3.1 TGFβ does not inhibit T lymphocyte proliferation and activation during Dynabead® mediated activation.
	3.2 The effect of the absence of CD28 co-stimulation on TGFβ mediated suppression of T lymphocyte activation
	3.3 The effects of differential CD28 co-stimulation on TGFβ function
	3.4 Effects of long-term exposure to TGFβ on cytokine production
	3.5 Effect of TGFβ treatment on activation of a clonal CD8+ line for melan-A26-35 (HLA-A2 restricted epitope EAAGIGILTV)

	Chapter 4  FoxP3 and BLIMP1
	4.1 FoxP3 activation kinetics
	4.2 Expression of LRRC32 in CD8+ T lymphocytes
	4.3 FoxP3 and BLIMP1 expression in activated T lymphocytes
	4.4 The role of BLIMP1 in IL-10 production in activated T lymphocytes
	4.5 A mechanism for IL-10 synergy with TGFβ

	Chapter 5 Multi-colour flow cytometry
	5.1 Development of high dimensional flow cytometry to assess TGFβ receptors in whole PBMC

	Chapter 6 Discussion
	6.1 Overview
	6.2 The effects of CD28 co-stimulation on TGFβ mediated suppression of T lymphocyte function
	6.3 FoxP3 in activated T lymphocytes
	6.4 LRRC32 expression is FoxP3 independent in a subset of CD8+ T lymphocytes
	6.5 FoxP3 and BLIMP1 in activated T lymphocytes
	6.6 High dimensional flow cytometry to examine TGFβ function across multiple parameters
	6.7 Limitations of this study
	6.8 Conclusions and future directions.

	Chapter 7  Appendices
	Chapter 8  References




