
Charles University 

Faculty of Science 

  
Study programme: Biology  

Branch of study: Immunology 

 

 

 

Bc. Tereza Chadimová 
 

Do Regulatory T Cells reduce the risk of 
autoimmune pathology induced by CD8+ 

T cells? 
Snižují regulační T lymfocyty riziko autoimmunity indukované CD8+ T lymfocyty? 

 
 

Diploma thesis 

 

Supervisor: Mgr. Ondřej Štěpánek, Ph.D. 

Prague, 2019  



2 
 

  

Prohlášení 

Prohlašuji, že jsem závěrečnou práci zpracovala samostatně a že jsem uvedla všechny použité 

informační zdroje a literaturu. Tato práce ani její podstatná část nebyla předložena k získání jiného 

nebo stejného akademického titulu. 

 

V Praze, 12.8.2019 

 



3 
 

Acknowledgements 

I wish to thank, first and foremost, Dr. Ondřej Štěpánek for his patience, support and valuable advice. 

I am grateful for having the opportunity to work on this wonderful project. 

I would also like to thank all the members of the Lab of Adaptive Immunity for their help, continuous 

encouragement and for all the fun we have had in the last three years. I enjoyed sharing a laboratory 

with all of you. 

Finally, I would also like to thank the Grant Agency of Charles University for financial support of this 

project. 

  



4 
 

Abstrakt 

Regulační T lymfocyty jsou nezbytné pro udržení periferní autotolerance a pro prevenci autoimunity 

potlačováním imunitní reakce CD8+ a CD4+ T lymfocytů. Ovšem, zatímco interakce regulačních buněk s 

CD4+ T lymfocyty byly rozsáhle studovány, vliv regulačních T lymfocytů na autotoleranci CD8+ T 

lymfocytů nebyl podrobněji prozkoumán. 

Hlavním cílem tohoto diplomového projektu bylo zjistit, jak regulační T lymfocyty zabraňují 

autoimunitě způsobené CD8+ T lymfocyty. Použitím experimentálního myšího modelu autoimunitního 

diabetu, který umožňuje depleci regulačních T lymfocytů a titraci počtu autoreagujících T buněk, afinity 

či dávky antigenu, jsme zjistili, že regulační T lymfocyty jsou důležité pro prevenci autoimunity vyvolané 

CD8+ T lymfocyty. Odhalili jsme, že regulační T lymfocyty potlačují jak vysoce afinitní T lymfocyty, které 

unikají negativní selekci, tak i relativně slabě afinitní, ale četné, pozitivně selektované T lymfocyty. 

Regulační T lymfocyty předcházejí vzniku autoimunity zvýšením hranice pro počet autoreaktivních 

CD8+ T lymfocytů potřebných pro vznik autoimunity. Překvapivě, přítomnost regulačních T lymfocytů 

nemá vliv na množství autoantigenu pro spuštění autoimunity. 

Dále jsme ukázali, že regulační T buňky jsou schopny potlačit autoreaktivní CD8+ T lymfocyty i v 

nepřítomnosti konvenčních CD4+ T lymfocytů. To znamená, že tato suprese nezávisí na konvenčních 

CD4+ T lymfocytech a regulační T lymfocyty působí přímo na autoreaktivní CD8+ T lymfocyty. 

Klíčová slova: Regulační lymfocyty, CD8 T lymfocyty, autoimunita, autotolerance, periferní tolerance 
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Abstract 

Regulatory T cells (Tregs) are essential for the maintenance of peripheral self-tolerance and prevention 

of autoimmunity by suppressing the response of self-reactive CD8+ and CD4+ T cells. However, while 

interactions of Tregs with CD4+ T cells have been extensively studied, their effect on the self-tolerance 

of CD8+ T cells has not been explored in detail.  

The main aim of this diploma project was to provide evidence whether and how Tregs prevent 

autoimmunity induced by CD8+ T cells. We used an experimental mouse model of autoimmune 

diabetes allowing us to acutely deplete Tregs and titrate the number of self-reactive T cells, self-

antigen affinity, and self-antigen doses. We found out that Tregs play an important role in the 

prevention of CD8+ T-cell mediated autoimmunity. Moreover, we revealed that Tregs suppress both 

high-affinity T cells that escape negative selection and relatively weakly self-reactive, but numerous, 

positively selected T cells. Tregs do so by increasing requirement for the number of self-reactive CD8+ 

T cells required for the autoimmunity induction. Intriguingly, presence of Tregs does not impact 

threshold for self-antigen. 

Moreover, for the first time, we showed that Tregs can suppress CD8+ T-cell-mediated autoimmunity 

in the absence of conventional CD4+ T cells. This means that this suppression is not mediated through 

suppression of conventional CD4+ T cells but that Tregs act directly on self-reactive CD8+ T cells. 

Key words: Regulatory T cells, CD8 T-cells, Autoimmunity, Self-tolerance, Peripheral tolerance 
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1 Introduction 

Regulatory T cells (Tregs) are vital for the maintenance of the immune homeostasis. They suppress 

immune-mediated inflammation and therefore prevent autoimmune and inflammatory disorders, 

help to establish feto-maternal and graft tolerance as well as impede immune response to cancer. An 

impairment of Treg function results in a breakdown of immune self-tolerance and the development of 

autoimmunity. 

Therefore, this T-cell subset has gained remarkable attention since its discovery in the 1990s. Despite 

all the efforts made to understand how Tregs maintain immune homeostasis, our understanding of 

their effect on the self-tolerance of CD8+ T cells is still limited. 

In this thesis, we aim to use a model of CD8+ T-cell mediated autoimmunity to investigate the so far 

unclear role of Tregs in the maintenance of self-tolerance of CD8+ T cells. Specifically, we will address 

the following research questions. 

- Can Tregs prevent autoimmunity induced by CD8+ T cells in our model system? 

- Do Tregs establish CD8+ T-cell self-tolerance by increasing the thresholds for self-antigen 

affinity, self-antigen dose, and/or precursor frequency of self-reactive T cells required for the 

induction of autoimmunity? 

- What is the role of conventional CD4+ T cells in the suppression of CD8+ T-cell mediated 

autoimmunity? 

2 T cells and autoimmunity 

The immune system is a complex network of cells, molecules, and organs that work together to defend 

the body against pathogens and toxins. One of the key components of cell-mediated immunity is the 

population of T lymphocytes (T cells). T cells are essential for highly specific immune responses and 

pathogen elimination as well as the development of immunological memory. 

T cells are characterized by their expression of T-cell receptor (TCR) and its coreceptors, CD4 and CD8. 

TCR serves to recognize the pathogen by binding to a specific antigen (peptide fragment of a structure 

of a pathogen) presented on major histocompatibility complex (MHC) on the cell surface. Coreceptors 

bind to the MHC molecule and help to propagate TCR signaling. There are two types of  

coreceptors – CD4 and CD8. CD4 co-receptors interact with MHC class II molecules which present 

mainly peptides derived from extracellular proteins. T cells expressing CD4 coreceptor (CD4+ T cells) 

orchestrate the immune response by the production of cytokines upon stimulation and interaction 

with other cell types. Therefore, CD4 T cells are called helper T cells (Th cells). T cells with  
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CD8 co-receptors (CD8+ T cells) recognize MHC class I molecules presenting mainly peptides derived 

from intracellular proteins. These T cells can destroy targeted cells when in direct contact. 

As such, T cells represent a powerful tool in defending our body by fighting pathogens and removing 

infected and cancer cells. This also means that these cells have a great potential to cause severe harm 

to their own body. Therefore, the immune system had to develop mechanisms to prevent these cells 

from going astray and to ensure these cells will tolerate own cells and tissues. Failure of these  

self-tolerant mechanisms can lead to the development of autoimmunity. The burden of autoimmune 

diseases is substantial all around the world, in fact around 7 to 10% of the global population has been 

diagnosed with an autoimmune disease (Cooper et al., 2009). CD8+ T cells are prominent in a great 

deal of these pathogenic autoimmune responses. Particularly, CD8+ T cells are thought to be one of 

the major driving forces in the pathogenesis of Type I Diabetes (Varela-Calvino et al., 2017), multiple 

sclerosis (Salou et al., 2015, Brenu et al., 2016) or Hashimoto’s thyroiditis (Watanabe et al., 2002, Ehlers 

et al., 2012). 

3 Central tolerance 

A critical step in the establishment of the immune homeostasis occurs in the thymus during early  

T-cell differentiation in a process of central tolerance. During central tolerance, developing T cells have 

their TCR tested for their functionality and self-reactivity in order to select a T-cell repertoire which is 

able to respond to foreign antigens while ignoring self-antigens. 

T-cell precursors undergo TCR recombination, a random process which produces a remarkably diverse 

repertoire of TCRs with random specificities. As a result, T cells with a non-functional or self-reactive 

TCR might develop. Therefore, each TCR must be tested for its affinity for self-peptide-MHC complexes. 

If the affinity is too low, T cells fail to recognize any peptide-MHC complex and die by neglect. If the 

affinity for self-peptide-MHC complexes is too high, it indicates that these T cells could react to self 

and therefore are removed from the mature T-cell repertoire by a process called negative selection. 

Only those T cells that do bind self-peptide-MHC ligands weakly are selected for the mature T-cell 

repertoire. This is called positive selection. The affinity threshold between positive and negative 

selection is quite sharp and remarkably tiny changes in the TCR affinity can change the fate of 

developing T cells (Daniels et al., 2006). This ensures the development of a protective and yet  

self-tolerant T-cell repertoire. 

However, negative selection is not a flawless process and a small number of self-reactive clones can 

escape thymic selection and persist in the periphery (Taniguchi et al., 2012, Koehli et al., 2014). 
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Therefore, central tolerance mechanisms alone are not sufficient, and several tolerance mechanisms 

operate in the periphery to prevent self-reactive T cells from harming the host. 

4 Peripheral tolerance 

Tolerance to antigens that is induced in mature T cells outside the thymus is known as peripheral 

tolerance. Because central tolerance cannot eliminate all self-reactive lymphocytes, partly because not 

all self-antigens can be sufficiently expressed in the thymus, the mature peripheral T-cell repertoire 

contains T cells that are specific to self-antigens (Taniguchi et al., 2012). This was demonstrated in 

studies of transgenic mouse strains which expressed a model self-antigen under various tissue-specific 

promoters (Legoux et al., 2015, Malhotra et al., 2016). Comparison of CD4+ T-cell populations specific 

for the model antigen across each of these strains showed that CD4+ T cells specific for several  

tissue-restricted self-antigens were not deleted at all (Legoux et al., 2015, Malhotra et al., 2016). 

Therefore, for these tissue-restricted self-antigens, tolerance relies entirely on peripheral tolerance 

mechanisms (Legoux et al., 2015). On top of that, peripheral tolerance mechanisms are also 

responsible for maintenance of feto-maternal tolerance during pregnancy and oral tolerance to food. 

Most circulating self-reactive T cells do not respond to self because of the lack of presentation of their 

cognate self-antigens in the lymph nodes. Although these cells are fully responsive, due to the poor 

presentation they cannot become activated and remain naïve in a state of so-called immune ignorance 

(Legoux et al., 2015, Malhotra et al., 2016). 

If a T cell does respond to self-antigen in steady-state noninflammatory conditions, it fails to get 

activated due to the absence of a second signal (Legoux et al., 2015, Malhotra et al., 2016). Instead, 

this antigen recognition results in a state of a long-term hyporesponsiveness in T cells termed as 

‘anergy’ (Maeda et al., 2014). Anergic T cells are not able to produce IL-2 and their TCR signaling is 

repressed (Maeda et al., 2014). This makes cells unable to respond upon re-encounter of antigen 

(Maeda et al., 2014). Induction of anergy is especially important for tolerance to fetal antigen by 

maternal CD4+ T cells in pregnancy (Kalekar et al., 2016). In the case of feto-maternal tolerance,  

CD4+ T-cell anergy acts together with Treg cell suppression and enhanced Treg generation to establish 

tolerance to fetal antigens. 

5 Regulatory T cells 

One of the key mechanisms of peripheral tolerance is mediated through the population of regulatory 

T cells. Tregs are crucial for the maintenance of immune homeostasis, prevention of autoimmune 

responses, and control of effector T-cell responses to commensal and pathogenic microorganisms.  
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Tregs were first described by Sakaguchi and colleagues in 1995 (Sakaguchi et al., 1995). In this landmark 

paper, they identified a population of CD4+ T cells which constitutively expressed high amounts of CD25 

(IL-2 receptor α chain) and which displayed potent immunomodulatory function in various 

experimental models. This population was given the name regulatory T cells (Tregs). 

However, high expression of CD25 is not a faithful marker since CD25 is upregulated in all activated T 

cells. The turning point in Treg research came with the discovery of FOXP3, a Treg-specific transcription 

factor. Sustained FOXP3 expression is required for Treg differentiation, suppressor function and 

maintenance of the Treg cell phenotype (Fontenot et al., 2003, Gavin et al., 2007, Hori et al., 2003, 

Khattri et al., 2003). Intriguingly, induction of continuous FOXP3 expression in conventional T cells 

(CD4+ CD25-) confers suppressor function in these cells (Fontenot et al., 2003, Hori et al., 2003). Some 

conventional T cells can express low levels of FOXP3 upon activation (Miyao et al., 2012). However, 

this expression is only transient and does not result in the acquirement of Treg phenotype (Miyao et 

al., 2012). 

Defective mutation of the Foxp3 gene has been described in Scurfy mice strain. Scurfy mice fail to 

develop Tregs and suffer from a systemic autoimmune lymphoproliferative disease, dying at a very 

early age (Godfrey et al., 1991, Brunkow et al., 2001). The very same phenotype can be observed also 

in the Foxp3-/- mice strain (Kim et al., 2007). Similarly, the fatal autoimmune human syndrome called 

IPEX (immunodysregulation polyendocrinopathy enteropathy X-linked syndrome) has been linked to 

multiple defective mutations in the human FOXP3 gene (Bennett et al., 2001, Wildin et al., 2001). As 

can be seen, depletion or impairment of Treg function leads to fatal autoimmunity affecting many 

organs and tissues. However, most of these phenotype manifestations in Scurfy mice could be rescued 

by an adoptive transfer of Tregs, clearly demonstrating the effect of Treg suppression (Huter et al., 

2008, Riewaldt et al., 2012). 

5.1 Development 

Tregs can be generated in two different ways. They can arise either in the thymus into natural (thymic) 

Tregs or in the periphery as so-called peripheral or induced Tregs (iTregs).  

Natural Tregs develop in late thymic development. According to the two-step model, the first step is 

propelled by strong signals from the TCR leading to upregulation of CD25 (Lio and Hsieh, 2008). The 

second step is independent of TCR signaling but dependent on IL-2 produced by antigen-bearing 

dendritic cells (Lio and Hsieh, 2008, Weist et al., 2015). IL-2 signaling drives upregulation of GITR,  

CTLA-4 and importantly transcription factor FOXP3 (Lio and Hsieh, 2008). This induces the Treg-cell 

differentiation and immunosuppressive function. IL-2 signaling is also involved in restricting the size of 

the Treg population (Weist et al., 2015). Competition by already developed Tregs for a limited supply 
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of IL-2 provides negative feedback restraining de novo generation of Treg cells (Weist et al., 2015). 

A very recent study described the presence of a novel Treg developmental pathway (Owen et al., 2019). 

In this study, they observed the development of thymic Tregs not only from CD25+FOXP3- progenitors 

but also from progenitors that were CD25-FOXP3low (Owen et al., 2019). Differentiation of these two 

subsets implemented distinct signaling pathways and occurred in different locations in the thymus 

(Owen et al., 2019). 

According to the prevailing model, commitment to Treg-cell lineage depends on high-affinity 

interactions of TCRs (Kraj and Ignatowicz, 2018, Klein et al., 2019). This TCR self-reactivity falls within 

a range in between positive and negative selection. This concept was supported by a study of Nur77GFP 

mice in which the GFP expression level reflects the strength of the TCR stimulation. The level of GFP 

expression demonstrated that Tregs receive stronger TCR signals in comparison to conventional  

CD4+ T cells (Moran et al., 2011). Consistently, in a recent study of Treg TCRs in a TCR-β transgenic 

mouse strain, TCR of Treg cells displayed much stronger reactivity toward MOG peptide than those of 

conventional CD4+ T cells (Kieback et al., 2016). Investigation of another model (neo) self-antigen 

uncovered that the number of Tregs grows with affinity strength, while the affinities of TCRs on all Treg 

precursors still remain below the threshold for negative selection (Lee et al., 2012). This study suggests 

that the range of self-reactivity for Treg-cell development is broad, perhaps including TCRs that 

recognize self at the level of positive selection (Lee et al., 2012). This is in accordance with the finding, 

that Tregs and conventional CD4+ T cells share a large fraction of identical TCRs, demonstrating that 

commitment to these distinct T-cell fates can occur within the same range of TCR affinities  

(Wojciech et al., 2014). These observations argue against the existence of a strict affinity threshold 

separating positive selection and Treg-cell diversion but rather indicates that this affinity threshold is 

blurred and that Treg selection could extend below the threshold for positive selection.  

In addition to natural Treg generation in the thymus, iTregs can develop in peripheral tissues from 

conventional CD4+ T cells. In these cells, Foxp3 expression is induced in response to antigenic 

stimulation in the presence of TGF-β (Bakdash et al., 2015). This TGF-β induced differentiation is 

amplified by retinoic acid produced by dendritic cells (Bakdash et al., 2015). iTregs are important for 

restriction of Th2 pathology in mucosal sites and modulation of the composition of intestinal 

microbiota (Campbell et al., 2018). 

5.2 Mechanisms of CD4+ T-Cell Suppression 

Since Treg discovery in the 1990s, a long list of possible mechanisms of Treg-mediated suppression has 

been reported. It is widely accepted that Tregs employ more than one mechanism to restrain the 

immune response in vivo. The described mechanisms can be divided into four groups: suppression by 
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inhibitory cytokines, suppression by killing of target cells, suppression by metabolic disruption, and 

indirect suppression by modulation of antigen-presenting cell maturation or function. 

Inhibitory cytokines that Tregs have been reported to produce are IL-10, TGF-β, and IL-35. IL-10 is a 

well-known cytokine with immunosuppressive function produced by Tregs. Selective ablation of IL-10 

in Tregs showed that this mechanism is crucial for controlling mucosal immunity (such as colon and 

lung) (Rubtsov et al., 2008, Chaudhry et al., 2011). Surprisingly, it seems that the production of IL-10 

by Tregs is dispensable for prevention of systemic autoimmunity (Rubtsov et al., 2008). This is in line 

with the fact, that IL-10-/- mice suffer from colitis but not from fatal systemic autoimmunity (Kühn et 

al., 1993). In human, mutations in the genes abrogating IL-10 signaling are strongly associated with 

intestinal hyperinflammation (Glocker et al., 2009). 

Although, TGF-β is required for Treg generation and maintenance it remains unclear whether it also 

represents an effector cytokine of Treg suppression (Marie et al., 2005). Despite decreased FOXP3 

level, TGF-β-/- Treg population was still able to suppress CD4+ T cells in vitro (Piccirillo et al., 2002, Marie 

et al., 2005). Moreover, transfer of TGF-β-/- Treg prevented the development of CD4+ T-cell mediated 

colitis (Piccirillo et al., 2002, Kullberg et al., 2005). Wild-type Tregs were also able to suppress  

CD4+ T cells that were unresponsive to TGF-β mediated growth arrest both in vitro and in vivo in a 

model of colitis and autoimmune gastritis (Piccirillo et al., 2002, Kullberg et al., 2005). Collectively, 

these data indicate that even though TGF- β is required to preserve Treg functionality, Tregs can 

suppress CD4+ T cells in the absence of TGF-β production or responsiveness. 

Another anti-inflammatory cytokine implicated in Treg-mediated suppression is the aforementioned 

IL-35. It was shown that IL-35-/- Tregs did not prevent CD4+ T-cell mediated inflammatory bowel disease 

and did not limit anti-tumor immunity (Collison et al., 2007, Collison et al., 2009, Turnis et al., 2016). A 

study of human cord-blood Tregs showed that neutralizing anti-IL-35 antibody completely blocked the 

suppression of conventional CD4+ T cells in a transwell system (Chaturvedi et al., 2011). However, this 

study has been retracted in 2013 due to flawed approaches in the calculation of several suppression 

assays (Chaturvedi et al., 2011). 

Suggested mechanisms of suppression by contact-dependent killing of target cells include granzyme B 

and perforin. Importance of granzyme B in Treg-mediated suppression was first demonstrated in a 

model of CD4+-mediated graft rejection (Gondek et al., 2005). Accordingly, graft tolerance was not 

established in mice deficient in the expression of granzyme B within the Treg compartment nor in mice 

overexpressing the inhibitor of granzyme B (Gondek et al., 2005). Moreover, Cao et al. reported that 

unlike wild-type Tregs, granzyme B-/- Tregs were unable to inhibit CD8+ T cell-mediated clearance of 

tumor cells in granzyme B-/- mice (Cao et al., 2007). The same effect was achieved with the use of 
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perforin-/- Tregs (Cao et al., 2007). Perforin dependent inhibition of CD4+ and CD8+ T cells was also 

exhibited by human Tregs in vitro (Grossman et al., 2004). In contrast, Tregs had the same impact on 

expansion and phenotype of OVA-reactive CD8+ T cells in wildtype and perforin-/- mice, indicating that 

perforin is not required for in vivo suppression of immune response in this model (Ataera et al., 2013). 

In conclusion, granzyme B and perforin-dependent cytotoxicity by Tregs was observed against both 

CD4+ and CD8+ T cells (Grossman et al., 2004, Gondek et al., 2005, Cao et al., 2007) although the 

importance of perforin in Treg suppression of CD8+ T cells remains controversial (Ataera et al., 2013). 

Suppression by metabolic disruption of responder cells was proposed to be mediated by cAMP. CAMP 

is present in Tregs in increased levels in comparison to conventional T cells (Raker et al., 2016). CAMP 

helps to stabilize FOXP3 expression and thus is required for the generation and maintenance of Treg 

(Bopp et al., 2007, Klein et al., 2012, Bacher et al., 2013, Raker et al., 2016). Moreover, Tregs seem to 

use cAMP for exerting suppressive activity by transferring it into responder CD4+ T cells via gap 

junctions (Bopp et al., 2007). When transferred into target CD4+ T cells, cAMP inhibits the proliferation 

and differentiation into effector cells (reviewed in (Raker et al., 2016)). Restraint of cAMP in Tregs 

diminished suppression of conventional CD4+ T cells in vitro (Bopp et al., 2007, Klein et al., 2012). In 

vivo, repression of cAMP in Treg impaired their suppressive function in a model of a lethal GVHD 

induced by human xeno-reactive effector T cells (Klein et al., 2012). Accordingly, blockade of cAMP 

degradation enhanced Treg-mediated suppression in a murine asthma model (Bopp et al., 2009). These 

findings highlight the importance of cAMP in Treg suppressive activity. 

Treg mediated suppression via disruption of metabolic pathways could also include IL-2 stealing 

(McNally et al., 2011, Chinen et al., 2016). Although, this mechanism was shown to be important for 

CD8+ T-cell suppression, it seems to be unnecessary for control of CD4+ T cells (Chinen et al., 2016) and 

therefore will be discussed in greater detail in next chapter. 

Direct cell-cell suppression of antigen presentation was disclosed to be mediated by CTLA-4 and  

LAG-3. Tregs express cytotoxic T lymphocyte antigen 4 (CTLA-4) constitutively, whereas in other T-cell 

subsets CTLA-4 is expressed only after activation (Read et al., 2000, Takahashi et al., 2000, Tang et al., 

2008). It was reported that CTLA-4 expression in Tregs is controlled by FOXP3 (Hori et al., 2003). 

Therefore, there is quite a widespread concept, that CTLA-4 might participate in Treg function.  

CTLA-4 binds co-stimulatory molecules CD80 and CD86 with greater affinity than CD28. Thus, CTLA-4 

can compete with CD28 for co-stimulatory molecules on antigen-presenting cells and consequently 

abrogate co-stimulation needed for activation of T cells. It was demonstrated that specific deficiency 

of CTLA-4 in Tregs results in the spontaneous development of systemic lymphoproliferation and fatal  

T-cell mediated autoimmune disease (Wing et al., 2008). Furthermore, CTLA-4-/- Treg also failed to 
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prevent colitis induced by CD4+ T-cell transfer into Rag-/- recipient (Sojka et al., 2009). These results 

were not confirmed in a model of CD4+ T-cell mediated EAE (Experimental autoimmune 

encephalomyelitis), as mice with CTLA-4-/- Tregs were still resistant to EAE development (Paterson et 

al., 2015). 

Tregs, but not resting conventional CD4+ T cells, express LAG-3 (Wang et al., 2018). LAG-3 is a  

cell-surface protein that can bind MHC with higher affinity than CD4. This engagement of MHC-II by 

LAG-3 could represent a mechanism of how Tregs inhibit maturation of dendritic cells as well as their 

ability to activate CD4+ T cells (Liang et al., 2008). Indeed, in vitro suppression of conventional CD4+ T 

cells by iTregs was deteriorated when an anti-LAG-3 antibody was added (Chu and Chiang, 2015). As 

well, LAG-3-/- Tregs were unable to inhibit maturation of MHC-/- dendritic cells in vitro (Liang et al., 

2008). Contradictory to that, LAG-3-/- Tregs suppressed homeostatic proliferation of CD4+ T cells in vivo 

(Durham et al., 2014). Interestingly, LAG-3-/- responder cells were resistant to this suppression by wild-

type Tregs in vivo (Durham et al., 2014). However, as the proliferative capacity of LAG-3-/- CD4+ T cells 

compared to wildtype cells was not shown, it could be argued that this effect does not have to be 

caused by the lack of suppression but by enhanced activity of LAG-3-/- CD4+ T cells. 

Very recently, Akkaya et al. published a paper in which they proposed a novel pathway of antigen-

specific Treg mediated suppression via obstruction of antigen presentation by dendritic cells (Akkaya 

et al., 2019). With the use of advanced microscopy techniques, they observed strong binding of a Treg 

to a dendritic cell resulting in the removal of its cognate antigen:MHCII complex from the surface of 

the dendritic cell. This suggest that antigen-specific Tregs could maintain immune homeostasis of 

conventional T cells with the same specificity by reducing the capacity of dendritic cells to present 

given antigen. 

5.3 Suppression of CD8+ T cells 

The current state of knowledge of Treg effect on self-reactive CD8+ T cells is quite limited. The capacity 

of Tregs to suppress CD8+ T-cell expansion and effector differentiation was shown in vitro (Haack et al., 

2015, Chinen et al., 2016). These results were supported by an in vivo experiment which showed that 

expansion of transferred CD8+ T cells was increased in Treg-depleted compared to Treg-sufficient mice 

(McNally et al., 2011). The importance of Tregs in the modulation of immune response of CD8+ T cells 

to self-antigens was demonstrated by the consequences of their depletion. Depletion of Tregs 

increased the disease severity in a model of autoimmune hepatitis caused by CD8+ T cells  

(Haack et al., 2015). Moreover, Treg depletion caused a significantly faster onset of autoimmunity in 

non-obese diabetic (NOD) mice (Mayer et al., 2014). Accordingly, transfer of in vitro expanded Tregs 

into diabetic NOD mice reversed the disease (Tang et al., 2004). However, it should be noted that  
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CD4+ T cells participate in the development of diabetes in NOD mice (Pearson et al., 2016). Thus, it 

could be argued that the observed phenomenon could be mediated through suppression of CD4+ T 

cells and not CD8+ T cells. Despite that, Tregs were shown to prevent the development of CD8+ T-cell 

mediated autoimmunity in a model of CD4+ T cell-independent diabetes (Green et al., 2002). 

Interestingly, Treg-cell subset was described not only to suppress effector CD8+ T cells but also to 

promote the generation and maintenance of functional CD8+ T-cell memory (Kalia et al., 2015, Laidlaw 

et al., 2015). Altogether, current data show that Tregs play an important role in the prevention of CD8+ 

T-cell mediated autoimmunity. However, the principles of this suppression remain not properly 

understood.  

One possible scenario, the ‘synergy scenario’, is that Tregs prevent autoimmunity by suppressing a 

small number of highly self-reactive T cells that escape deletion in the process of negative selection, 

thus, working in synergy with central tolerance (Fig. 1, left). The ‘complementarity’ scenario suggests 

a complementarity of peripheral and central tolerance where Tregs suppress weakly self-reactive T 

cells which are positively selected as they do not reach the threshold for negative selection (Daniels et 

al., 2006, Stepanek et al., 2014) (Fig. 1, right). Pace et al. reported an expansion of CD8+ T cells with 

Figure 1 Possible scenarios of cooperation of central and peripheral tolerance 



17 
 

low affinity to a model antigen after depletion of Tregs, whereas high-affinity CD8+ T-cell responses 

were largely unaffected by the Treg deficiency. This indicated that Tregs selectively down-modulate 

responses of weakly self-reactive T cells that are below the threshold for negative selection (Pace et 

al., 2012). These results a compatible with the complementarity scenario which suggests that central 

tolerance and Treg mediated tolerance act on different T-cell clones with high and low level of self-

reactivity, respectively. 

Despite the evidence of Treg-mediated suppression of CD8+ T-cell response, it is not certain whether 

this suppression is mediated directly on CD8+ T cells, or indirectly via interactions with  

antigen-presenting cells or with conventional CD4+ T cells that might provide a bystander help to CD8+ 

T cells. Furthermore, the molecular mechanisms of the possible direct suppression of CD8+ T cells are 

poorly understood. It also remains unclear how Tregs impact the threshold for antigen-affinity, number 

of self-reactive T cells, and availability of self-antigen required for the induction of CD8+ T-cell mediated 

autoimmunity. Finding answers to this issue would help shed light on the way central tolerance and 

peripheral tolerance work together to maintain self-tolerance. 

5.4 Mechanisms of CD8+ T-Cell Suppression 

As mentioned above, one possible way Tregs could directly suppress CD8+ T-cell immune response is 

by directly killing CD8+ T cells in a granzyme B and perforin-dependent manner (Grossman et al., 2004, 

Cao et al., 2007). However, the role of perforin in Treg-mediated suppression in vivo was not confirmed 

in OT-I cell proliferation model and thus this mechanism remains a matter of dispute (Ataera et al., 

2013). 

Another suggested way that Tregs can restrain CD8+ T-cell expansion and effector differentiation has 

been termed ‘IL-2 stealing’. Although IL-2 is indispensable for Treg maintenance, Tregs are unable to 

produce IL-2 themselves and are reliant on IL-2 produced by other cells. As Tregs are known to express 

high levels of high-affinity IL-2 receptor (CD25), they could suppress effector T cells by depriving them 

of IL-2 via this receptor. Indeed, it has been shown that Tregs limit availability of IL-2 and that Tregs 

with impairment in IL-2 consumption fail to suppress expansion and effector differentiation of CD8+  

T cells (McNally et al., 2011, Chinen et al., 2016). IL-2 stealing was reported to be important for the 

establishment of the homeostasis of conventional CD8+ T cells but not of CD4+ T cells (Chinen et al., 

2016). 

Moreover, it has been proposed that Tregs could inhibit priming of CD8+ T cells via suppression of 

dendritic cells. One way this could be mediated is that Tregs could suppress the production of 

chemokines CCL-3, CCL-4, and CCL-5 by dendritic cells thereby destabilizing interactions of T cells with 

dendritic cells (Pace et al., 2012). Tregs were also reported to impair antigen presentation by 
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downregulating expression of co-stimulatory molecules of dendritic cells in CTLA-4 dependent manner 

(Schildknecht et al., 2010, Kastenmuller et al., 2011). On top of that, it is possible that Treg mediated 

suppression CD8+ T cells could employ the same mechanisms as suppression of conventional CD4+ T 

cells by Tregs. 
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6 Methods 

6.1 Animals 

RIP.OVA (Kurts et al., 1998), DEREG (Lahl and Sparwasser, 2011), CD3ε-/- (Sommers et al., 2000), Ly5.1 

and OT-I RAG2-/- (Daniels et al., 2006) mouse strains were used. All animals were bred in the animal 

facility of Institute of Molecular Genetics in accordance with laws of the Czech Republic. All animals 

were kept in individually ventilated cages under specific pathogen free condition. Animal protocols 

were approved by the Czech Academy of Sciences, Czech Republic. 

Both, males and females aged from 6 to 12 weeks were used for the experiments. If possible, age and 

sex-matched pairs of animals were used in the experimental groups. Experiments were not blinded 

because no subjective scoring method was used. 

6.2 T-cell isolation 

Lymph nodes and spleen were isolated from a mouse, placed on a nylon strainer in a Petri dish on ice 

containing 1ml of PBS and mashed with sterile plunger of a syringe. Cell suspension was filtered into a 

falcon tube and spinned down (400g, 5 min, 4⁰C). Pellet was resuspended in 1ml of Ammonium-

Chloride-Potassium lysing buffer (150 mM Ammonium chloride, 10 mM Potassium bicarbonate, 0.1 

mM EDTA) to lyse erythrocytes. After a minute, 9 ml of PBS was added, cells were filtered into a new 

falcon tube and spinned down again. Cells were then resuspended in PBS with 10% FBS. 

6.3 T-cell counting 

30 µl of cell suspension was stained with TCRβ in PE (H57-597), CD8 in BV421 (53-6.7) and/or CD4 in 

APC (RM4-5) for 20 minutes on ice to determine the percentage of CD4+ and/or CD8+ T cells in the 

suspension. T cells were counted using AccuCheck counting beads and flow cytometer. 

6.3.1 Dendritic cell culture 

Dendritic cell culture was prepared 10 days before transfer into mice. Leg bones of Ly5.1 mouse were 

isolated, cleaned with 70% ethanol and placed into a Petri dish with PBS on ice. Bone marrow was 

flushed with PBS using a 5ml syringe with a narrow needle. Suspension was spinned (400g, 5 min, RT). 

Pellet was resuspended in 1ml of Ammonium-Chloride-Potassium lysing buffer (150 mM Ammonium 

chloride, 10 mM Potassium bicarbonate, 0.1 mM EDTA) to lyse erythrocytes. After a minute, 9 ml of 

PBS was added and cells were filtered into a new falcon tube and spinned down again. Cells were 

resuspended in 1ml of IMDM media with 10% FBS and antibiotics (penicillin 5×104 IU and streptomycin 

14mM). Obtained cells were cultivated in 15 ml of this IMDM media supplemented with 2% 

supernatant from GM-CSF producing cells for 10 days. 
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6.3.2 Dendritic cell loading 

On day 0, dendritic cells were stimulated with LPS (100 ng/1ml) and OVA/Q4R7/Q4H7 peptide 

(concentration 200nM unless indicated otherwise) in 10 ml of fresh IMDM medium for 3 hours. The 

peptides OVA (SIINFEKL), Q4H7 (SIIQFERL), and Q4H7 (SIIQFEHL) were purchased from Eurogentec or 

Peptides&Elephants. 

After the 3 hours, medium with dendritic cells were collected into a falcon tube. 0.02% EDTA in PBS 

was used to release the adherent dendritic cells from the plate bottom. Collected dendritic cells were 

counted using Coulter counter. Indicated number of cells was resuspended in 0.2 ml of PBS per dose. 

Cells were injected intravenously. 

6.4 Diabetes induction 

6.4.1 Treg depletion 

6 to 12 weeks old DEREG RIP.OVA mice were injected intraperitoneally with 250 ng of Diphteria toxin 

diluted in 0.5 ml of PBS on day -2 and -1. 

6.4.2 Adoptive transfer of cells 

Indicated number of counted T cells was injected intravenously in 0.2 ml of PBS. To induce diabetes in 

DEREG RIP.OVA mice, OT-I cells were injected on day -1, antigen loaded dendritic cells were injected 

on day 0. For diabetes induction in CD3ε-/- RIP.OVA mouse, 1 million of Ly5.1 RIP.OVA CD8+ T cells was 

injected on day -8, on day -1 adoptive transfer of RIP.OVA or DEREG RIP.OVA CD4+ T cells was followed 

by injection of OT-I cells that same day. On day 0, indicated number of antigen-loaded dendritic cells 

were injected intravenously. 

6.4.3 Diabetes diagnosis 

Diabetes was monitored by measuring glucose level in urine and in blood. Glucose level in urine was 

measured with GlucoPhan diagnostic strips from day 5 to day 14 in the case of DEREG RIP.OVA mice, 

CD3ε-/- RIP.OVA mice were measured from day 6 to day 21. Glucose concentration in blood was 

measured using SD CodeFree Blood Glucose Monitoring System on day 7 in DEREG RIP.OVA mice and 

on day 8 in CD3ε-/- RIP.OVA. Blood sample was obtained by bleeding from the facial vein. High glucose 

levels were defined as glucose concentration higher than 1000mg/dl in urine and higher than 15mmol/l 

in blood. 
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6.5 Cell sorting 

6.5.1 MACS sorting 

Isolated cells (described in 6.2) were incubated with 10 µl biotinylated anti-CD8 (clone 53-6.7, 

Biolegend) or 50 µl biotinylated anti-CD4 (YTS 177.9.6.1, kindly provided by Dr. Aleš Drobek) for 30 

minutes in 0.5 ml PBS with 10% FBS on ice. Then, 5ml of PBS was added and the sample was spinned 

down (400g, 5 min, 4⁰C). Cells were resuspended in PBS with 10% FBS and incubated with anti-biotin 

microbeads by Miltenyi Biotec for 30 minutes on ice. 5 ml of PBS was added and the sample was 

spinned down (400g, 5 min, 4⁰C). Afterwards, cells were resuspended in 2 ml of PBS and enriched using 

magnetic cell separation using either Miltenyi Biotec columns or MACS sorter. MACS sorted cells were 

spinned down and resuspended in 1-2 ml of PBS with 10% FBS depending on the size of the pellet. To 

check purity of cells was 50 µl of cell suspension was separated and stained with TCRβ in PE (H57-597), 

CD8 in BV421 (53-6.7) and/or CD4 in APC (RM4-5) for 20 minutes on ice. Purity of cells was checked by 

flow cytometer, purity of cells was greater than 98%. Cells were counted using AccuCheck counting 

beads and flow cytometer. 

6.5.2 FACS sorting 

Isolated CD4+ T cells from spleen and lymph nodes of female DEREG.RIP.OVA mice were MACS sorted 

(as described in 6.5.1). The MACS sorted sample was resuspended in 0.5 ml of PBS with 10% FBS and 

stained with anti-CD4 in PE (RM4-5) for 30 minutes on ice. GFP+ PE+ and GFP-PE+ cells were sorted by 

BD Influx Cell Sorter by the Flow Cytometry facility of the IMG. Sorted cells were then spinned down 

and resuspended in required volume of PBS.  

6.6 Flow cytometry 

Splenic T cells were isolated as described in 6.2. For surface staining, prepared single cell suspension 

of 2x106 cells was spinned down. Cells was resuspended in 50 µl of FACS buffer (PBS with 0.1% azide 

and 2% FBS) containing diluted antibodies. Cells were stained for 30 minutes in dark at room 

temperature. Then, 1ml of FACS PBS was added and the sample was spinned down (400g, 5 min, RT). 

Pellet was resuspended in FACS PBS and measured using flow cytometer 

For the intracellular staining, single cell suspension was fixed and permeabilized using 

FOXP3/Transcription Factor Staining Buffer Set (eBioscience). Prepared single cell suspension of 3x106 

cells was spinned down and then resuspended in 50 µl of FOXP3 Fixation/Permeabilization working 

solution (eBioscience). Sample was fixed for 20 min on ice in the dark. Then, 300 µl of 1X 

permeabilization buffer was added and the sample was spinned down (800g, 5 min, 4⁰C). This step was 

repeated one more time. The pellet was resuspended in 50 µl of FACS buffer (PBS with 0.1% azide and 

2% FBS) containing diluted antibodies. Cells were stained for an hour in dark at room temperature. 
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Then, 1ml of permeabilization buffer was added and the sample was spinned down (800g, 5 min, RT). 

Pellet was resuspended in 1 ml of FACS PBS and spinned down again (800g, 5 min, 4⁰C). 

Antibodies to following antigens were used for flow cytometry: CD4 (clones RM4-5 and GK1.5), CD8 

(53-6.7), CD25 (PC61), CD44 (PC61), CD45.1 (A20), CD45.2 (104), CD49d (R1-2 and DX5), GRANZYME B 

(NGZB), FOXP3 (FJK-16s), KLRG1 (2F1), TCRβ (H57-597), Kb-OVA in PE (in house prepared tetramer). 

The antibodies were conjugated with various fluorescent dyes or with biotin by manufacturers 

(Biolegend, eBioscience, BD Pharmigen). LIVE/DEAD near-IR dye (Life Technologies) or Hoechst 33258 

(Life Technologies) were used to discriminate live and dead cells. 

Flow cytometry was carried out with BD LSRII. Data were analyzed with FlowJo software. 

6.7 Statistical analysis  

Data were analyzed using GraphPad Prism version 6.00 for Windows, GraphPad Software, La Jolla 

California USA, www.graphpad.com. P value representation: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 

0.0001. P values above 0.05 were considered statistically nonsignificant. 

  

http://www.graphpad.com/
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7 Results 

7.1 Tregs prevent autoimmunity induced by CD8+ T cells 

The main objective of this project was to discover the basic principles of Treg mediated self-tolerance 

of CD8+ T cells. Our very first aim was to find out whether Tregs reduce the risk of CD8+ T-cell mediated 

autoimmunity in our model. 

As the main model, we used a model of autoimmune CD8+ T-cell mediated diabetes in RIP.OVA mice 

(Kurts et al., 1998). RIP.OVA mice express ovalbumin (OVA) under rat insulin promoter. Therefore, 

transfer of OVA-reactive cells (OT-I cells) and their subsequent priming via mouse immunization with 

their cognate antigen eventually results in a destruction of β cells in Langerhans islets and 

consequently leads to the development of diabetes. There are two major advantages of the RIP.OVA 

model. The first one is the uncoupling of central and peripheral tolerance by transferring mature OT-I 

T cells, allowing us to study the peripheral tolerance separately. The second advantage is the relative 

simplicity of the model which enables screening of many different experimental conditions. This  

well-controlled and relatively simple experimental model allowed us to study multiple different 

combinations of the number of transferred OT-I T cells, affinity, and dose of the priming antigen. As 

the tissue damage is caused only by CD8+ T cells, this model does not recapitulate any spontaneous 

human autoimmune disease but rather represents an experimental model of a CD8+ T-cell mediated 

autoimmunity. 

The RIP.OVA strain was further crossed with DEREG mice. DEREG mice express a fusion protein of eGFP 

(enhanced green fluorescent protein) and Diphtheria toxin receptor under the Foxp3 promoter (Lahl 

and Sparwasser, 2011, Mayer et al., 2014). Therefore, Treg population can be depleted by an 

administration of Diphtheria toxin, enabling comparison of the same conditions in the presence or 

absence of Tregs (Fig. 2A). The dose of Diphtheria toxin was titrated down to two doses of 250 ng to 

reduce any nonspecific effect of the toxin. As the Treg population recovers in a few days after the 

injection of the second dose, the Treg depletion in this model occurs only at the time of priming. This 

keeps the mice from developing spontaneous autoimmunity as observed in mice with inborn Treg 

deficiency (Godfrey et al., 1991, Brunkow et al., 2001, Kim et al., 2007). 

Figure 2B shows the scheme of the experiment. First, Diphtheria toxin was injected into DEREG 

RIP.OVA and control RIP.OVA mice. This was followed by an adoptive transfer of monoclonal  

OVA-specific OT-I CD8+ T cells (Fig. 2B). One day after the adoptive transfer, OT-I cells were immunized 

with OVA peptide (or lower affinity variant peptide) loaded bone marrow-derived dendritic cells. The 

host mice eventually develop autoimmune diabetes typically in 5-10 days. The disease was diagnosed 

by detecting high glucose levels in urine (glucose concentration >1000 mg/dl) which was measured 
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since day 5 after immunization to day 14 on a daily basis. Furthermore, the glucose level in the blood 

was measured on the day 7 post-immunization.  
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Figure 2 Increased susceptibility to diabetes upon Treg depletion 

(A) RIP.OVA and DEREG RIP.OVA mice were injected with 250 ng of DTX intraperitonally on day -1 and 0. On day 1, cells from 
spleen were analyzed by flow cytometry (gated as live CD4+ T cells). A representative experiment out of 2 in total. 
(B) Schematic representation of the experimental setup 
(C-E) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected with 300 OT-I 
cells followed by an injection of 1 x 106 dendritic cells loaded with 200 nM OVA antigen on day 1. Glucose in urine was 
measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were >1,000 mg/dL. n= 15 (RIP.OVA) or 
n=13 (DEREG RIP.OVA) from 4 independent experiments. (C) data were analyzed by Fisher’s exact test, P value = 0.003 (D) 
data were analyzed by Mantel-Cox test, P value < 0.0001 (E) Blood glucose was measured 7 days after priming. Data were 
analyzed by Mann Whitney test, P value = 0.0059 

A 

B 

C 

DEREG DEREG + DTX WT + DTX 

FOXP3 

GFP 
0.73 

10.8 

1.37 

0.07 

13.6 

0.03 

D E 



25 
 

First, we investigated whether Tregs can suppress CD8+ T-cell mediated autoimmunity in our model. 

As shown in Fig. 2C-F, Treg depletion led to increased susceptibility to diabetes. Specifically, our results 

show that the presence of regulatory T cells reduces the autoimmunity risk from 100% to 30%. 

In conclusion, our data demonstrate that regulatory T cells do indeed prevent autoimmunity induced 

by CD8+ T cells in our model. These results encouraged us to carry out further experiments to explore 

the principles of the observed suppression. Specifically, we decided to analyze whether Tregs influence 

the threshold for the number of self-reactive T cells, the self-antigen dose or self-antigen affinity 

needed for the induction of the diabetes. 

7.2 Tregs increase requirement for the number of self-reactive CD8+ T cells 

Next, we decided to elucidate whether Tregs increase the requirement for self-reactive CD8+ T cells 

needed for the induction of diabetes. The aforementioned simplicity of the DEREG RIP.OVA model 

enabled us to easily vary the number of transferred OT-I cells while the other parameters (number of 

dendritic cells, peptide concentration, peptide affinity) remained unchanged. 

When 1x104 OT-I T cells were injected, all Treg-deficient and Treg-sufficient mice developed diabetes 

(Fig. 3A). However, adoptive transfer of only 300 OT-I T cells resulted in diabetes in all Treg-depleted 

mice while the majority of non-depleted mice stayed healthy. This result indicates that Tregs increase 

the minimal number of OT-I cells required for the development of diabetes. 

To explore the observed suppression in better detail, we decided to carry out a flow cytometry analysis 

of the expansion of OT-I T cells in the recipient mouse. The flow cytometry analysis of expansion of the 

OT-I cells in the spleen was performed 6 days after priming (Fig. 3B). We revealed that self-reactive 

CD8+ T cells expanded much more vigorously in the absence of Tregs. Meanwhile, there were only a 

few OT-I cells to be found in spleens of Treg depleted mice. 

Taken together, we found out that Tregs have a major role in the establishment of the threshold for 

the number of self-reactive T cells required for the development of autoimmunity. To achieve the same 

risk of autoimmunity development in Treg sufficient mice, more than 3-fold higher number of OT-I cells 

was needed than in Treg deficient ones. Also, flow cytometry analysis uncovered that self-reactive 

CD8+ T cells expanded more in the absence of Tregs. 
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Figure 3 Tregs increase the threshold for the number of self-reactive CD8+ T cells to induce autoimmunity 

(A-B) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. On day 0, mice were injected with 
indicated number of OT-I cells, followed by an injection of 1 x 106 dendritic cells loaded with OVA antigen on day 1. (A) Glucose 
in urine was measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were >1,000 mg/dL. n = 15 
- 21 (RIP.OVA) or n=13-20 (DEREG RIP.OVA) from at least 4 independent experiments. Data were analyzed by Fisher’s exact 
test, P value = 0.003. (B) On day 6, spleens were harvested and cells were analyzed by flow cytometry (gated as live CD8+ T 
cells). A representative experiment out of 2 in total. 
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7.3 Tregs do not increase the requirement for the antigen dose 

Next, we wanted to test whether Tregs increase the threshold for antigen dose needed for the 

induction of autoimmunity. In our model, there were two ways how we could manipulate the amount 

of antigen. We could limit the antigen dose either by injecting a lower number of dendritic cells or by 

decreasing the concentration of peptide to load dendritic cells. 
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Figure 4 Treg do not increase threshold for antigen dose 

(A) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected with 1000 OT-I 
cells, followed by an injection of indicated number of dendritic cells loaded with 200 nM OVA antigen on day 1. Glucose in 
urine was measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were >1,000 mg/dL. n=10-
15 (RIP.OVA), n=6-8 (DEREG RIP.OVA), n=15. Data from at least 2 independent experiments. 
(B) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected with 1000 OT-I 
cells, followed by an injection of 1x106 dendritic cells loaded with indicated concentration of OVA antigen on day 1. Glucose 
in urine was measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were >1,000 mg/dL. n= 10 
(RIP.OVA) or n=13 (DEREG RIP.OVA) from at least 2 independent experiments. 
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First, we tried to decrease the antigen dose by injecting a lower number of dendritic cells into the 

recipient mice while keeping the other parameters the same as in our control mice. When we 

transferred 10-fold less dendritic cells (dose of 105 dendritic cells) than to our control, the diabetes 

incidence did not differ in Treg depleted or nondepleted mice (Fig. 4A) Therefore, we tried to inject an 

even smaller amount of antigen-loaded dendritic cells (5x104). In that case, all mice stayed healthy. 

This means that by limiting the number of dendritic cells, we were unable to observe any difference in 

the susceptibility to diabetes upon depletion of Tregs. 

In the next step, we performed a complementarity experiment by limiting the amount of antigen by 

varying the concentration of the loading antigen (Fig. 4B). Immunization with dendritic cells loaded 

with 3-fold lower (66 nM) concentration of the OVA peptide resulted in only marginal nonsignificant 

difference in the diabetes incidence between Treg depleted and littermate mice. Further decrease in 

the concentration of peptide to 40nM failed to induce diabetes completely. These results were in 

agreement with the previous data obtained by limiting the number of adoptively transferred dendritic 

cells. 

Remarkably, our results demonstrate that Tregs are not involved in the setting of the antigen dose 

threshold as the level of protection by Tregs did not change when the antigen dose was the limiting 

factor. Moreover, these data showed a surprisingly sharp threshold for the number of antigen loaded 

dendritic cells presenting the self-antigen. 

7.4 Tregs suppress high affinity responses 

Our next aim was to determine the role of Tregs in the establishment of the antigen affinity threshold 

required for the development of CD8+ T-cell mediated diabetes. Since OT-I cells express a monoclonal 

TCR recognizing H-2Kb bound SIINFEKL (OVA), we used a set of OVA-derived altered peptide ligands to 

address the issue of antigen discrimination by TCRs (Daniels et al., 2006, Stepanek et al., 2014). The 

OVA-derived altered peptide ligands differ in their affinity to the OT-I TCR. The difference in the affinity 

of OVA and OVA-derived altered peptide ligands is schematically illustrated in Fig. 5A. To model high-

affinity TCR responses, we used OVA or Q4R7 peptide. Q4R7 is a lower affinity variant of OVA which 

represents negatively selecting antigen with affinity just above the threshold for negative selection. To 

demonstrate low-affinity TCR responses we loaded dendritic cells with Q4H7 peptide which is a 

positively selecting ligand. 
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Figure 5 High affinity peptides 

(A) Schematic representation of the affinity of OVA variant peptides 
(B-D) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. On day 0, mice were injected with 300 
OT-I cells, followed by an injection of 1x106 dendritic cells loaded with 200 nM OVA antigen on day 1. Glucose in the urine was 
measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were >1,000 mg/dL. n= 15 (RIP.OVA) or 
n=13 (DEREG RIP.OVA) from 4 independent experiments. (B) data were analyzed by Fisher’s exact test, P value = 0.003 (C) data 
were analyzed by Mantel-Cox test, P value < 0.0001 (D) Blood glucose was measured 7 days after priming. Data were analyzed 
by Mann Whitney test, P value = 0.0059 
(E-G) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected with 3X104 OT-
I cells, followed by an injection of 1x106 dendritic cells loaded with 200nM Q4R7 antigen on day 1. Glucose in urine was 
measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were >1,000 mg/dL. n= 13 (RIP.OVA) or 
n=13 (DEREG RIP.OVA) from 5 independent experiments (E) data were analyzed by Fisher’s exact test, P value = 0.002 (F) data 
were analyzed by Mantel-Cox test, P value < 0.0001 (G) Blood glucose was measured 7 days after priming. Data were analyzed 
by Mann Whitney test, P value = 0.0001 
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First, we performed experiments using immunization with our default peptide – OVA. Immunization 

with OVA-loaded dendritic cells resulted in the increased susceptibility upon Treg depletion (Fig. 5B). 

Next, we performed experiment using immunization with Q4R7 peptide-loaded dendritic cells. In order 

to induce development of diabetes upon immunization with Q4R7 peptide-loaded dendritic cells, 100-

fold more self-reactive T cells had to be adoptively transferred in comparison to the experiments using 

OVA peptide. In agreement with the data obtained from experiments with OVA-loaded dendritic cells, 

we observed a Treg-mediated protection from autoimmunity when priming OT-I cells with Q4R7 

peptide-loaded dendritic cells (Fig. 5C). Adoptive transfer of OT-I cells caused diabetes in Treg depleted 

mice, whereas, Treg nondepleted mice stayed healthy.  

Overall, these findings imply that Tregs can suppress autoimmunity induced by highly self-reactive 

CD8+ T cells which had escaped deletion in the process of negative selection. 

7.5 Tregs suppress low affinity responses 

Q4H7 is an antigen that binds to the OT-I TCR with a low affinity and does not negatively select OT-I T 

cells (Stepanek et al., 2014, Daniels et al., 2006). Thus, Q4H7 resembles a self-antigen that positively 

selected peripheral T cells might encounter at the periphery. 

This subthreshold antigen was very inefficient in inducing diabetes, and therefore high number of cells 

had to be injected. Upon the injection of 1x106 OT-I cells, and their subsequent priming with Q4H7-

loaded dendritic cells, we observed increased sensitivity to diabetes in the absence of Tregs  

(Fig. 6A-C). Specifically, Treg-depleted mice developed diabetes while all Treg-sufficient mice did not 

manifest any sign of the development of autoimmune pathology. 

However, since the induction of autoimmunity via immunization with Q4H7-loaded dendritic cells 

required the adoptive transfer of such a high number of OT-I, there was a possibility that the low 

endogenous level of OVA expressed in RIP.OVA mouse was enough to prime OT-I cells in the absence 

of Tregs and the dendritic cells provided the co-stimulation signals. Therefore, as a control, we 

performed a simultaneous experiment in which we immunized mice with dendritic cells that were 

stimulated with LPS but were not loaded with any peptide (Fig. 6D-F). This immunization failed to 

induce diabetes. This result shows that the results obtained from experiments with Q4H7-loaded 

dendritic cells is indeed caused by low-affinity responses to Q4H7 and not by priming with endogenous 

peptide. Taken together, experiments with Q4H7 revealed that Tregs can suppress low-affinity TCR 

responses. 
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Nonetheless, it should be stressed that each decrease in affinity of the self-antigen was compensated 

by a requirement for a higher number of self-reactive CD8+ T cells. This is documented in the scheme 

in Fig. 7. For example, 3x103 OT-Is induced diabetes when immunized with OVA-loaded dendritic cells 

but failed to do so when primed with lower-affinity Q4R7-loaded dendritic cells. To induce 

autoimmunity in Treg-deficient mice by immunization with Q4R7-loaded dendritic cells, adoptive 

transfer of 10-fold more cells (3x104 OT-Is) were needed. Moreover, induction of diabetes using  
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Figure 6 Low affinity peptides 

(A-C) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected 

with 1x106 OT-I cells, followed by an injection of 1x106 dendritic cells loaded with 200 nM Q4H7 peptide on day 1. 

Glucose in urine was measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were 

>1,000 mg/dL. n= 12 (RIP.OVA) or n=10 (DEREG RIP.OVA) from 4 independent experiments (A) data were analyzed 

by Fisher’s exact test, P value = 0.0007 (B) data were analyzed by Mantel-Cox test, P value = 0.0007 (C) Blood 

glucose was measured 7 days after priming. 

(D-F) DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected 

with 1x106 OT-I cells, followed by an injection of 1x106 dendritic cells loaded with no peptide antigen on day 1. 

Glucose in urine was measured from day 5 to day 14. Mice were considered diabetic if urine glucose levels were 

>1,000 mg/dL. n= 9 (RIP.OVA) or n=7 (DEREG RIP.OVA) from 3 independent experiments (F) Blood glucose was 

measured 7 days after priming. 
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Q4H7-loaded dendritic cells required more than 30-fold increase in the number of transferred OT-I 

cells compared to experiments using immunization with Q4R7 loaded dendritic cells. This 

demonstrates that the hierarchy of the peptides is preserved in Treg mediated suppression of CD8+ T 

cells. This observation goes against the concept that Tregs would suppress solely low-affinity responses 

of CD8+ T cells. 

 

  

Figure 7 Scheme of multiple experiments 

DEREG RIP.OVA and RIP.OVA mice were injected with DTX on day -1 and day 0. Day 0, mice were injected with indicated 

number of OT-I cells, followed by an injection of 1x106 dendritic cells loaded with indicated peptide peptide (200nM 

concentration) on day 1. Glucose in urine was measured daily from day 5 to day 14. Mice were considered diabetic if urine 

glucose levels were >1,000 mg/dL. n (DEREG RIP.OVA) = 3-21, n (RIP.OVA) = 3-20. Data of at least 1 independent experiment. 

Size and the color opacity of the circle corresponds with the disease incidence 

TREG+ RIPOVA 

TREG- RIPOVA 
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7.6 Role of conventional CD4+ T cells 

It is possible that conventional CD4+ T cells provide a by-stander help to self-reactive OT-I CD8+ T cells 

in our model. In that case, Tregs might inhibit OT-I responses indirectly by suppressing conventional 

CD4+ T cells. Therefore, the third objective of this project was to investigate the role of conventional 

CD4+ T cells in CD8+ T-cell suppression mediated by Tregs. To address this interplay between  

self-reactive CD8+ T cells, conventional CD4+ T cells, and regulatory CD4+ T cells, we performed 

reconstitution of the T-cell compartment in T-cell-deficient CD3ε-/- RIP.OVA mice. 

Fig. 8A illustrates the workflow of the experiment. First, we adoptively transferred OVA-tolerant  

CD8+ T cells from a Ly5.1 RIP.OVA mouse and let them expand in a homeostatic manner in  

CD3ε-/- RIP.OVA mice for one week. Subsequently, we adoptively transferred either conventional  

CD4+ T cells or regulatory CD4+ T cells from DEREG RIP.OVA mice into the CD3ε-/- RIP.OVA mouse. The 

aforementioned eGFP expression under the control of Foxp3 promotor in DEREG RIP.OVA mice allowed 

us to FACS sort Tregs and conventional CD4+ T cells based on the GFP expression in the CD4+ T-cell 

population. This reconstitution was followed by an adoptive transfer of OVA-reactive OT-I T cells and 

their consequent priming with antigen-loaded dendritic cells. The disease was diagnosed in the same 

way as in the DEREG RIP.OVA model by detecting high glucose levels in urine (glucose concentration 

>1000 mg/dl) and blood. But the disease was monitored since day 5 post-immunization until day 21. 

Moreover, the level of glucose in the blood was measured 8 days after the immunization. 

To make sure that the transferred cells retain their purity in the recipient mice throughout the 

experiment we performed a flow cytometry analysis of T-cell subsets 7 days after priming. First, we 

checked T cells from the tolerant Ly5.1 RIP.OVA CD8+ T-cell transfer on day -8. As can be seen in  

Fig. 8B, no CD4+ T cells were found in the Ly5.1 T-cell gate. This finding was crucial as it means that 

there are no other CD4+ T cells than those that we would inject intentionally week after this adoptive 

transfer of Ly5.1 RIP.OVA CD8+ T cells. 

Then, we checked the phenotype of the CD4+ T cells transferred on day -1 (Fig. 8C) Mice which were 

not injected with any CD4+ T cells did not contain any CD4+ T cells, conventional nor regulatory. Mice 

which were injected with conventional T cells bore no CD4+FOXP3+ T cells only conventional 

CD4+FOXP3- T cells. Almost all CD4+ T cells in Treg-transplanted mice were CD4+FOXP3+ T cells, only a 

couple of cells seemed to lose their FOXP3 expression. This could be due to the fact, that Tregs 

sometimes can transiently lose FOXP3 expression in inflammatory conditions (Miyao et al., 2012). 

However, this temporary FOXP3 loss is not associated with the loss of Treg function (Miyao et al., 

2012). 

 



34 
 

  

Figure 8 Reconstitution of the T-cell compartment in T-cell-deficient CD3ε-/- RIP.OVA mice. 

(A) Schematic representation of the experimental setup 

(B-C) CD3ε-/- RIP.OVA mice were transferred with 1x106 of Ly5.1 RIP.OVA CD8+ T cells on day -7. Day 0, mice were injected with 

1x106 DEREG RIP.OVA conventional CD4+ T cells or 4x105 DEREG RIP.OVA Tregs. The same day mice received 250 OT-I cells. 

This was followed by an injection of 1x106 dendritic cells loaded with OVA peptide on day 1. 7 Days after priming, spleens were 

harvested and purity of transferred cells was analyzed by flow cytometry. (B) Cell were stained extracellularly and gated as live 

Ly5.1 T cells (C) Cells were stained intracellularly and gated as CD4+ T cells. A representative experiment out of 4 in total. 
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Content with the T-cell transfer purity, we moved on to monitoring of the disease development in 

these reconstituted CD3ε-/- RIP.OVA mice. Mice whose CD4+ T-cell compartment consisted of solely 

conventional CD4+ T cells got diabetic very early on compared to mice with no CD4+ T cells at all  

(Fig. 9A-C). This clearly demonstrates that conventional CD4+ T cells do indeed provide a by-stander 

help to CD8+ T cells in the induction of autoimmunity. Although majority of mice lacking any  

CD4+ T cells did develop diabetes, the onset of the disease was delayed in comparison with the previous 

group. Meanwhile, mice which were given Tregs were protected from the development of 

autoimmunity completely. The manner of the exerted protection is even more impressive when we 

take into consideration that Tregs were injected in a smaller dose than conventional CD4+ T cells. Since 

we were unable to sort a great number of Tregs due to technical difficulties. 

Next, we performed flow cytometry analysis to address the expansion of OT-Is in recipient mouse  

7 days after immunization with dendritic cells. As shown in Fig. 9D, OT-I cells considerably expanded 

in mice which were injected with conventional CD4+ T cells in comparison to mice in the other two 

groups. Although, the mean percentage of OT-Is was the smallest in Treg mice, the observed difference 

between expansion of OT-I cells in Treg-transferred mice and mice with no CD4+ T cells was not very 

pronounced. A possible explanation of this effect could be the time point when the cells were 

measured because the development of diabetes in mice with no CD4+ T cells was delayed to diabetes 

in mice injected with conventional CD4+ T cells. Therefore, in the absence of bystander help CD4+ T 

cells OT-I cells might expand later in the course of the experiment. 

All in all, data obtained from our CD3ε-/- RIP.OVA mouse model indicate that CD4+ T cells provide 

a by-stander help to self-reactive OT-I CD8+ T cells in the RIP.OVA diabetes model. Despite this, a small 

dose of Tregs was able to convey protection in the absence of conventional CD4+ T cells. This finding 

indicates that Tregs do not inhibit CD8+ T-cell responses indirectly by suppression of by-stander help 

provided by conventional CD4+ T cells. Instead, Tregs prevent CD8+ T-cell mediated autoimmunity by 

acting directly on self-reactive CD8+ T cells. 
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Figure 9 Tregs prevent CD8+ T-cell mediated autoimmunity in the absence of conventional CD4+ T cells. 

(A-C) CD3ε-/- RIP.OVA mice were transferred with 1x106 of Ly5.1 RIP.OVA CD8+ T cells on day -7. Day 0, mice were injected 

with 1x106 DEREG RIP.OVA conventional CD4+ T cells or 4x105 DEREG RIP.OVA Tregs or no CD4+ T cells. The same day mice 

received 250 OT-I cells. This was followed by an injection of 1x106 dendritic cells loaded with OVA peptide on day 1. (A-B) 

Glucose in urine was measured from day 6 to day 21. Mice were considered diabetic if urine glucose levels were >1,000 

mg/dL. n= 28 (NO CD4), n=28 (CONV CD4), n=14 (TREG) from 5 independent experiments. (A) data were analyzed by Mantel-

Cox test, P value < 0.0001 (B) data were analyzed by Fisher’s exact test, P value < 0.0001, (CONV vs TREG) P value < 0.0001, 

(NO CD4 vs. TREG) P value = 0.0007 (C) Blood glucose was measured 8 days after priming. n= 21 (NO CD4), n=21 (CONV 

CD4), n=10 (TREG) from 4 independent experiments. Data were analyzed by Kruskal-Wallis test and Dunn’s Multiple 

Comparison Test. P value < 0.0001, (CONV vs TREG) P value < 0.05, (NO CD4 vs. CONV) P value < 0.05 

(D) CD3ε-/- RIP.OVA mice were transferred with 1x106 of Ly5.1 RIP.OVA CD8+ T cells on day -7. Day 0, mice were injected 

with 1x106 DEREG RIP.OVA conventional CD4+ T cells or 4x105 DEREG RIP.OVA Tregs. The same day mice received 250 OT-I 

cells. This was followed by an injection of 1x106 dendritic cells loaded with OVA peptide on day 1. 7 Days after priming, 

spleens were harvested and cells were analyzed by flow cytometry. Percentage of OT-I cells in CD8+ T cell population (gated 

as live T cells) was calculated. Data of 2 independent experiments. Data were analyzed by Kruskal-Wallis test and Dunn’s 

Multiple Comparison Test. P value = 0.0023, (CONV vs TREG) P value = 0.0137, (NO CD4 vs. CONV) P value = 0.0441 
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8 Discussion 

CD4+FOXP3+ Tregs are instrumental in the maintenance of peripheral immune tolerance and 

protection of the host against autoimmunity and chronic inflammation. Although considerable 

attention has been given to the effect of Tregs on CD4+ T cells, research of Treg participation in the 

control of self-reactive CD8+ T cells has been sidelined. 

Despite the fact that reduced proliferation of CD8+ T cells in the presence of Tregs was demonstrated 

in vitro and in vivo (McNally et al., 2011, Haack et al., 2015, Chinen et al., 2016), evidence of the 

prevention of CD8+ T-cell mediated autoimmunity by Tregs has been so far obtained only in model of 

autoimmune hepatitis and NOD mice (Mayer et al., 2014, Tang et al., 2004, Haack et al., 2015). 

However, the biology of autoimmune disease in a polygenic model of spontaneous autoimmunity like 

NOD is very complex (Pearson et al., 2016). Therefore, we decided to take advantage of a simplistic 

model of induced CD8+ T-cell mediated autoimmunity in RIP.OVA mice (Kurts et al., 1998). To address 

the function of Tregs in this model autoimmunity, we used inducible Treg depletion, which is often 

applied in experiments investigating a role of Tregs in a studied process (Lahl and Sparwasser, 2011). 

Using this model, we observed a significant increase in susceptibility to diabetes upon Treg depletion. 

This result demonstrates that regulatory T cells were able to protect mice from autoimmune pathology 

induced by CD8+ T cells in our model.  

As the basic principles of this suppression have not been described previously, we decided to address 

whether Tregs increase the threshold for self-antigen affinity, self-antigen dose and/or precursor 

frequency of self-reactive T cells needed for the development of autoimmunity. Thus, we aimed to 

reveal whether Tregs prevent autoimmunity by suppressing large numbers of weakly self-reactive 

positively selected CD8+ T cells or by suppressing a small number of highly self-reactive CD8+ T cells 

which have escaped negative selection. This way, we wanted to elucidate the cooperation of central 

and peripheral tolerance. If Tregs had a major impact on the required number of self-reactive OT-I cells 

upon immunization with a high-affinity antigen in our disease model, it would favor the ‘synergy’ 

scenario. The ‘synergy’ scenario suggests that Tregs suppress highly self-reactive T-cell clones that 

accidentally escaped thymic negative selection. On the contrary, if the depletion of Tregs promoted 

the induction of autoimmunity by low-affinity antigens in our model, it would have strongly implied 

that Tregs play a substantial role in setting the antigen affinity threshold for inducing autoimmunity 

(King et al., 2012). In this ‘complementarity’ scenario, Tregs would suppress weakly self-reactive cells, 

rather than highly self-reactive cells that escaped the negative selection. This ‘complementarity’ 

scenario was supported by a report studying Tregs in mice which were infected with Listeria 

monocytogenes expressing recombinant OVA (Pace et al., 2012). In this study, the authors disclosed 



38 
 

expansion of low-affinity self-reactive T cells after Treg depletion (Pace et al., 2012). In contrast, we 

observed that Tregs suppressed high-affinity responses in our model. When we immunized mice with 

dendritic cells loaded with negatively selecting peptides, susceptibility to diabetes was elevated in 

Treg-deficient mice. Moreover, Tregs had a major role in the setting of the threshold for the number 

of self-reactive T cells required for the induction of autoimmunity. We observed this phenomenon not 

only upon immunization with dendritic cells loaded with high-affinity peptide but also with low-affinity 

antigen. Although, immunization with dendritic cells loaded with low-affinity peptide Q4H7 failed to 

induce diabetes unless a staggering amount of self-reactive T cells had been adoptively transferred. In 

that instance, autoimmune pathology manifested exclusively in Treg-depleted mice. The finding that 

Tregs increase the threshold for the number of self-reactive T cells in high and also low-affinity 

responses points towards the ‘synergy’ scenario rather than the ‘complementarity’ scenario suggested 

by experiments with Listeria-OVA (Pace et al., 2012). This discrepancy could be possibly explained by 

the fact that the efficiency of the clearance of Listeria can differ in Treg-depleted from Treg-

nondepleted mice, which would be a major complication for the interpretation of the results. While in 

the Listeria model, the antigen dose and the magnitude of the inflammatory response can differ 

significantly among littermates, in our model, the antigen dose is strictly regulated. 

Taken together, our results rather endorse the ‘synergy’ scenario, in which Tregs works together with 

the central tolerance to suppress highly self-reactive clones that escaped deletion in negative 

selection. On the other hand, we do not rule out the possibility that Tregs suppress positively selected 

clones as described in the ‘complementarity’ scenario. Moreover, it is feasible that Treg could suppress 

both low-affinity and high-affinity T-cell clones. 

In the past decade, a few possible molecular mechanisms of the Treg-mediated control of CD8+ T cells 

were reported. Many of these studies imply that Tregs suppress CD8+ T cells indirectly by inhibition of 

dendritic cell function. This inhibition could be either exerted as destabilization of interactions of  

T cells with dendritic cells resulting in the abrogation of priming of CD8+ T cells (Pace et al., 2012) or as 

downregulation of costimulation by dendritic cells (Schildknecht et al., 2010, Kastenmuller et al., 2011, 

Maeda et al., 2014). Not to forget, Tregs were recently reported to reduce the capacity of dendritic 

cells to present given antigen to CD4+ T cells (Akkaya et al., 2019). Contradictory to that, in our model, 

immunization with a smaller dose of antigen-loaded dendritic cells did not affect the level of 

susceptibility to autoimmunity development upon Treg depletion. The same result was achieved when 

we tried to limit antigen dose by altering the concentration of the loading peptide. This shows that the 

dose is not a limiting factor in our model. Therefore, this could suggest that Treg control of CD8+ T cells 

is not mediated solely by Treg inhibition of antigen presentation. Although this data cannot completely 

exclude the possible role of dendritic cells in Treg-mediated control of CD8+ T cells, it implies that there 
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could be another mechanism used to suppress CD8+ T-cell responses that is independent of dendritic 

cells. A candidate mechanism could be IL-2 stealing which was described to restrain the differentiation 

and expansion of pathogen-specific CD8+ effector T-cells in vivo and in vitro (Kastenmuller et al., 2011, 

McNally et al., 2011, Chinen et al., 2016). This putative mechanism would be certainly interesting to 

address in our model. Another possible way Tregs could suppress CD8+ T-cell immune response directly 

include direct killing of these cells in a granzyme B dependent manner (Grossman et al., 2004, Cao et 

al., 2007). One older report even suggests that Tregs could functionally impair the release of cytotoxic 

granules (Mempel et al., 2006). With the use of intravital microscopy, Mempel et al. noticed elevated 

intracellular levels of effector molecules in effector CD8+ T cells (Mempel et al., 2006). Intriguingly, 

CD8+ T cells suppressed by Tregs underwent normal effector differentiation and proliferation, only 

their function was impaired (Mempel et al., 2006, Göbel et al., 2012). This finding is quite controversial, 

as Treg suppression of CD8+ T-cell proliferation has been shown in vivo and in vitro (McNally et al., 

2011, Maeda et al., 2014, Haack et al., 2015, Chinen et al., 2016) and also by our flow cytometry 

analysis of DEREG RIP.OVA mice. This analysis revealed a vigorous expansion of OT-I cells in the 

absence of Tregs. Some reports also claim that regulatory T cells alter effector programs of CD8+ T-cell 

differentiation. For example, Tregs were described to inhibit the formation of short-lived effector cells 

(Kastenmuller et al., 2011). Remarkably, Tregs were also proven essential for formation and 

maintenance of CD8+ T-cell memory (Laidlaw et al., 2015, Kalia et al., 2015). 

Moreover, it is possible that the observed suppression could be mediated through CD4+ T cells 

providing a by-stander help to self-reactive OT-I cells in our model. In that case, Tregs might inhibit  

OT-I responses indirectly by suppressing conventional CD4+ T cells. Thus, CD3ε-/- RIP.OVA model was 

generated in order to investigate the possible role of conventional CD4+ T cells in CD8+ T-cell 

suppression mediated by Tregs. Therefore, the third objective of this project was to study the interplay 

of Tregs and conventional CD4+ T cells. To do so, we performed experiments where we reconstituted 

the recipient CD3ε-/- RIP.OVA mice with polyclonal CD8+ T cells in combinations with or without 

conventional or Tregs. If the presence of conventional CD4+ T cells increased the susceptibility for 

autoimmunity, it would have pointed to an involvement of these cells in the modulation of CD8+ T cells. 

If Tregs had a protective effect only in the presence of conventional CD4+ T cells, we would have 

concluded that Tregs suppress self-reactive CD8+ T cells indirectly via inhibiting the help provided by 

conventional CD4+ T cells. We observed that conventional CD4+ T cells provided a by-stander help to 

self-reactive OT-I CD8+ T cells in the RIP.OVA diabetes model. Nonetheless, Tregs protected host mice 

from CD8+ T cell-mediated autoimmunity in our model even in the absence of conventional CD4+ T 

cells. All in all, we can conclude that Tregs do not need conventional CD4+ T cells to suppress  
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self-reactive CD8+ T cells and thereby Tregs are likely to suppress self-reactive CD8+ T cells by acting 

directly on these cells. 

As we did not observe a difference in OT-I cell expansion in CD3KO RIP.OVA mice transplanted with 

Tregs to those with no CD4+ T cells, it could be argued, that maybe the observed expansion is somehow 

connected to CD4+ T cells bystander help. However, it is likely that conventional CD4+ T cells help in 

the development of autoimmune pathology and therefore in their absence it takes more time for CD8+ 

T cells to start to proliferate. 

Another pressing question is the localization of this suppression. The Treg mediated suppression of 

self-reactive CD8+ T cells could occur directly in the place of the autopathology or in the draining lymph 

nodes. In a model of experimental allograft transplantation, Tregs suppressed graft rejection by 

conventional CD4+ T cells by first migrating from the blood to the allograft afterwards Tregs moved to 

the draining lymph node (Zhang et al., 2009). This Treg migration was also described in a model of  

DSS-induced colitis (Nakanishi et al., 2018). Evidence of Treg migration in the suppression of CD8+ T 

cells is quite sparse. In the case of experimental autoimmune hepatitis, which is mediated by CD8+ T 

cells, Treg numbers in the spleen were unchanged after inflammation, however, histology analysis 

showed that Tregs infiltrated the liver (Haack et al., 2015). In the model of CD4+ T-cell independent 

diabetes mediated by CD8+ T cells, Tregs were expanded in β islets and pancreatic lymph node, but not 

in the spleen. However, in this analysis Tregs were discriminated only as CD4+CD25+, therefore 

activated cells might be included in this population. 

Therefore, our future plan is to complement our data obtained from monitoring of the disease 

progression with histological analysis of the infiltration of the pancreas by OT-I T cells. This analysis 

could help to reveal whether Treg control self-reactive CD8+ T cells right in the pancreas (in the place 

where autoimmunity takes place) or the draining pancreatic lymph-node. We will also carry out an 

analysis of the expansion and effector cell formation of OT-I T cells in the recipient mouse by flow 

cytometry. We also intend to investigate if Tregs inhibit priming of CD8+ T cells or suppress post-

priming proliferation, effector formation, and/or target cell killing of self-reactive CD8+ T cells. To 

dissect the role of Tregs in priming and post-priming events in the activation of self-reactive CD8+ T 

cells, we plan to adoptively transfer OT-I T cells that will be primed ex vivo with antigen-loaded 

dendritic cells preceding the adoptive transfer. The obtained results will be crucial for further research 

of molecular principles of the suppression. 

To summarize, we made fundamental steps towards elucidating the way Tregs reduce the risk of  

CD8+ T-cell mediated autoimmunity. In our model, Tregs were able to suppress high and low-affinity 

self-reactive clones by increasing the threshold for the number of self-reactive T cells. Moreover, we 
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had established a model of CD3ε-/- RIP.OVA mouse reconstitution, in which we were able to 

demonstrate that the observed suppression occurred independently of conventional CD4+ T cells and 

could be mediated directly on CD8+ T cells. This model represents a valuable tool for more detailed 

future analysis of molecular mechanisms of CD4+ T-cell independent suppression of CD8+ T cells. 
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9 Conclusion 

The main aim of this project was to understand whether and how regulatory T cells reduce the risk of 

autoimmune pathology induced by CD8+ T cells. Specifically, we revealed that: 

- Tregs prevent autoimmunity induced by CD8+ T cells in our model 

- Tregs establish CD8+ T-cell self-tolerance by increasing the threshold for number of self-

reactive T cells but not for self-antigen dose required for the induction of autoimmunity 

- Tregs can suppress both high-affinity and low-affinity CD8+ T-cell responses 

- Suppression of CD8+ T-cell mediated autoimmunity by Tregs occurs even in the absence of 

conventional CD4+ T cells. This means that this suppression is not mediated indirectly through 

suppression of conventional CD4+ T cells but could be mediated directly on CD8+ T cells 

These findings will contribute to the general understanding of how Treg control/maintain CD8+ T-cell 

self-tolerance, which is valuable for further research of maintenance of self-tolerance and 

development of autoimmune disorders. 
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