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Abstract 

The role of Interferon-gamma-mediated  

T cell collectivity on CD8+ T cell responses 

by Lion F. K. Uhl 

 

Thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy, 

University of Oxford, Michaelmas Term 2021 

 

Immune responses towards intracellular pathogens and tumours rely on CD8+ T 

lymphocytes, whose function it is to kill infected or cancer cells, while sparing healthy tissue. 

CD8+ T cell immune responses are characterized by a remarkable degree of poly-clonality and 

poly-functionality. However, their overall population response is consistent and robust. Much 

research has focused on individual T cell activation, but how individual, heterogenous T cell 

responses are integrated at the population-level remains incompletely understood. Upon 

encountering their cognate antigen in secondary lymphoid organs, CD8+ T cells arrest for 

prolonged period of times around antigen-presenting cells forming dense cell clusters, which 

can function as communication hubs enabling T cells to directly communicate with each other 

and therefore directly modulate each other’s behaviour. 

Here we investigated how CD8+ T cells regulate their response through direct T cell-T cell 

(T-T) communication, with a particular focus on the cytokine interferon-gamma (IFN-γ) and 

its effect on T cell responses. We found that specific deletion of the IFN-γ receptor on CD8+ T 

cells results in augmented expansion of antigen-specific effector T cells and in a skewing of 

the average functional avidity of the T cell repertoire, thus modulating multiple aspects of the 

response. In addition, we discovered that activating CD8+ T cells preferentially receive IFN-γ 
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from other CD8+ T cells and furthermore that this IFN-γ-mediated communication between T 

cells is restricted to a specific time window during the activation phase of the response. 

Finally, we identified a specific CD8+ T cell subpopulation, so-called virtual-memory T cells, to 

function as the primary source of this early wave of IFN-γ. Altogether, this study highlights an 

underappreciated facet of the regulatory role of IFN-γ and virtual memory T cells on CD8+ T 

cell responses against infection.  
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General Introduction 

1.1. T lymphocytes 

The immune response to infection involves two components: an innate response, which 

acts rapidly in an antigen non-specific manner, and a delayed, adaptive response, which 

recognizes specific antigens of the invading pathogen and additionally also confers long-term 

protection against secondary infection through the formation of memory (Figure 1).  

 

Figure 1. General principle of CD8+ T cell immune responses. The immune response to infection can be subdivided into 
two different components, which fulfil specific roles and are characterized by distinct features: An innate immune response 
(A), which acts quickly and non-specifically, and an adaptive immune response (B), which lags the innate immune response, 
but responds more specifically, whilst also conferring long-term protection against secondary infection through the 
generation of memory. (C) CD8+ T cell responses to infection involve multiple cell types and stages. Invading pathogens are 
sensed by specific immune cells, such as macrophages or dendritic cells, which triggers activation and recruitment of 
lymphocytes through expression of pro-inflammatory cytokines and chemokines. T cells are activated upon encountering 
their cognate antigen in secondary lymphoid organs (SLOs), which leads to the acquisition of effector functions and the 
subsequent killing of infected cells [Created with BioRender.com]. 

 

Antigen-specific lymphocytes, comprising T and B lymphocytes, which are both capable of 

responding to a vast array of immunogenic antigens, constitute the adaptive arm of the 
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immune system. Recognition of a wide range of antigens is made possible by the presence of 

highly variable antigen receptors on the surface of these cells, such as the T cell antigen 

receptor (TCR) expressed by T cells (see also p.19). Each mature T cell carries a unique TCR 

variant capable of recognizing and binding specific antigenic epitopes1, which ensures that 

the resulting population of peripheral lymphocytes displays a broad repertoire of highly 

diverse receptors. The TCR enables T cells to inspect the proteome for anomalies by sampling 

peptide antigens presented by either major histocompatibility complex (MHC) class I or II 

molecules at the cell surface of antigen-presenting cells (APCs)2,3. 

 

Figure 2. T cell development. T cells develop from common lymphoid progenitors or lymphoid-primed multipotent 
progenitors derived from the bone marrow (BM) or foetal liver and progress through different stages before becoming 
mature and fully functional T lymphocytes4. The four double-negative (DN1-4) stages are distinguished by their expression 
of the receptors CD44 and CD25. At the DN3 stage, a pre-TCR complex that consists of a pre-TCRα chain and a mature β chain 
first appears. The mature β chain in this receptor complex is a product of somatic DNA rearrangement by recombination 
activating gene 1/2 (RAG 1/2). T cells with a functional pre-TCR are positively selected and undergo massive proliferation 
while rearrangement of the TCRa gene is induced. At the double-positive (DP) stage, both the CD4 and CD8 coreceptors are 
expressed (CD4+ CD8+)4,5, and the mature αβ TCR is formed by replacing the pre-TCRα chain with the rearranged TCRα chain. 
Before being released into the periphery T cell encounter a few checkpoints: DP T cells expressing αβ TCRs which recognize 
their MHC molecules, and are thus capable of productively generating a TCR signal, are positively selected, whilst self-
reactive (also called autoreactive) T cells, bearing a TCR with very high-affinity for self, are either negatively selected and die 
or are agonist-selected to become specialised T cell subsets (i.e. regulatory T cells, CD8αα intraepithelial lymphocytes, or 
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invariant natural killer T cells)6. Additionally, DP T cells with dysfunctional TCRs that cannot receive or transduce TCR-
mediated signals undergo apoptosis. The successfully selected cells further develop into CD4+ or CD8+ SP cells and exit the 
thymus to populate the periphery4,5 [Created with BioRender.com]. 

 

T lymphocytes come in different flavours and the peripheral pool of T cells can be 

subdivided on the basis of whether they express the surface receptors CD8 or CD4, which 

recognize class I and class II MHC molecules, respectively2, and are either called cytotoxic 

(CD8+) or helper (CD4+) T cells. CD4+ T cells are referred to as “helper” T cells due to their 

capability to produce regulatory cytokines and chemokines, which either activate functions 

of other cells such as macrophages and neutrophils and/or mediate autocrine or paracrine 

control of T cell differentiation and/or regulate the differentiation of B cells2,7. T cells develop 

from thymus-migrant hematopoietic lineage cells, particularly common lymphoid progenitors 

or lymphoid-primed multipotent progenitors derived from the bone marrow or the foetal 

liver8,9. Developing T cells in the thymus progress through different stages (Figure 2), which 

ensures their full functionality, while in addition preventing self-reactive T cells to enter the 

periphery.  

1.1.1. TCR structure and signalling 

The T cell receptor is a multiprotein complex comprising subunits containing highly 

variable antigen-binding sites associated noncovalently with invariant signal transduction 

subunits, whose structural component have been revealed in the 1980s2,10. The T cell receptor 

is composed of two transmembrane protein chains, the TCRα and β chains (Figure 3A and C). 

Each chain contains a variable and a constant region, creating together a single antigen-

binding site2,11 (Figure 3C). Rearrangements of the DNA sequences encoding the antigen-

binding region, a process known as VDJ recombination (Figure 3B), create a vast diversity in 

antigen-receptor structures2, with three so-called complementary-determining regions 
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(CDRs) defining the antigen specificity of each receptor. TCRαβ heterodimers are coupled to 

invariant CD3 subunits, which are essential for trafficking and stability of the αβ subunits at 

the plasma membrane2,12.  

 

Figure 3. T cell receptor. (A) The TCRα chain locus is encoded on chromosome 14 and consists of variable (V) and joining 
(J) genes, while the TCR β chain is located on chromosome 7 and consists of V, J, and diversity (D) gene segments. (B) A vast 
repertoire of TCRs is generated by gene rearrangement between exons of the variable domains of the V-J segments of the α 
chain locus and V-D-J segments of the β chain locus, a process known as VDJ recombination (only the recombination 
sequence for the α chain locus is depicted as a representative example). Additional junctional diversity (V-N-J/V-N-D/D-N-J) 
is introduced by random inserts or deletions at these regions, with the total diversity being expressed in the complementary 
determining regions (CDRs) of the TCR, which make up the antigen-recognition site of the receptor13,14. (C) The complete 
TCR complex consists of TCR αβ chains bonded with CD3 subunits. [Created with BioRender.com]. 

 

While not being directly involved in antigen recognition, CD3 transmits the TCR-triggered 

signal through immunoreceptor tyrosine-based activation motifs (ITAMs) in its cytoplasmic 

tail15, which couple the TCR to intracellular tyrosine kinases2,16. ITAM phosphorylation is 

induced upon TCR engagement by protein tyrosine kinases (PTKs), including Src family PTKs 

such as Lck and Fyn and the Syk family PTK zeta chain of TCR-associated protein (ZAP-70), 

which enables downstream effector molecules to interact with the TCR complex (Figure 4)5,17.  
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Figure 4. TCR signalling. Upon T cell receptor (TCR) binding to peptide-MHC (pMHC), the kinase Lck is recruited to the 
TCR complex by the colocalization of CD4 or CD8 coreceptors to pMHC molecules, where Lck can then phosphorylate ITAM 
signalling motifs. ITAM motifs each contain two tyrosine residues that, when phosphorylated, create binding sites for the 
tandem Src Homology 2 (SH2) domains of the Zap70 kinase. By binding to phosphorylated ITAMs, Zap70 is recruited to the 
plasma membrane, which disrupts its steady state (autoinhibited) conformation and facilitates further phosphorylation of 
its active conformation by Lck. Once recruited and activated, Zap70 is then able to propagate signalling events from the TCR 
through phosphorylation of the linker for activation of T cells (LAT), which serves as a signalling hub for further downstream 
signalling effectors18 [Created with BioRender.com]. 

 

 

1.1.2. T cell activation 

Naïve T cells are initially activated through their TCR by binding to cognate peptide-MHC 

(pMHC) complexes presented by APCs. Early experiments revealed that productive TCR 

signalling (signal 1), followed by co-stimulatory signals (signal 2), are required for complete T 

cell activation19,20. Successful T cell activation results in the activation of a network of 

signalling cascades – involving the Ras-extracellular signal-regulated kinase (ERK)-activator 

protein (AP)-1 pathway, the inositol triphosphate (IP3)-Ca2+-nuclear factor of activated T cells 

(NFAT) pathway, the protein kinase C (PKC)θ-IκB kinas (IKK)-nuclear factor (NF)-κB pathway, 

and the tuberous sclerosis complex (TSC)1/2-mammalian target of rapamycin (mTOR) 

pathway – which collectively mediate T cell differentiation, proliferation, and survival 

(recently reviewed here2,5,21). Notably, T cells have been discovered to bind in general with 
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comparatively low-affinity to cognate antigen, and the precise molecular mechanisms 

ensuring sensitivity and specificity of TCR activation, and thus successful discrimination 

between self and foreign antigens, are a matter of ongoing research and debate (recently 

reviewed here22,23). 

 

Figure 5. T cell activation. Three signals are required to initiate a productive T cell response: (1) Binding of TCR to its 
cognate antigen embedded in MHC molecules on the surface of APCs (signal 1), (2) co-stimulation (signal 2) and (3) cytokine 
signalling (signal 3) [Created with BioRender.com]. 

 

 

TCR and co-stimulatory signals are sufficient to initiate activation and proliferation of naïve 

T cells. However, in the absence of a specific cytokine signal cells fail to develop optimal 

effector functions, survive poorly, and do not form a responsive memory population24. 

Because this third cytokine signal is therefore required for a productive response25–30, along 

with TCR (signal 1) and costimulatory signals (signal 2), it has been termed “signal 3” (Figure 

5), which provides a means for CD8+ T cells that encounter antigen to determine if there is 

danger present and to initiate appropriate responses24,28.  
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1.2. Experimental tools to study CD8+ T cell responses to infection 

1.2.1. TCR transgenics as model systems to study CD8+ T cell biology 

Much of our knowledge about T cell biology is based on the study of murine TCR transgenic 

(Tg) T cells, which are genetically modified to express a single TCR of defined specificity. The 

term “transgenic” refers to a genetically modified genome, and the basic principle behind 

generating TCR Tg mice is based on mouse germline transformation methods, which involves 

generation of a T cell clone expressing specific TCRα and β chains of interest and the 

subsequent cloning of the rearranged TCR chains into a genomic construct, which is then 

microinjected into mice with the genetic background of interest31. An alternative technology 

of generating TCR Tg mice was introduced in 2006 by Holst and co-workers32, which was 

termed “retrogenic” (“retro” from retrovirus and “genic” from transgenic) and uses 

retrovirus-mediated stem cell gene transfer. Additionally, CRISPR-mediated TCR replacement 

techniques have recently become popular tools to generate TCR Tg mice more efficiently31.  

T cells expressing already rearranged TCR chains should in theory not express non-Tg Vα 

and Vβ TCRs4. However, it was discovered that T cells may express dual TCRs recognizing 

unique antigens and are thus capable of responding to distinct stimuli33. These additional and 

distinct antigen receptors generally result from a single β chain that dimerizes with different 

α chains, and it is estimated that up to 15% of murine αβ T cells express two functional α 

chains at the cell surface34–36. While bearing two different TCRs significantly expands the 

repertoire for foreign antigen37,38, it has also been implicated to lead to autoimmunity39–41. 

Thus, recombination may still occur in a TCR Tg context, giving rise to a T cell co-expressing 

Tg and endogenous TCR receptors31.  
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One major strength of the TCR transgenic adoptive transfer approach is the ability to limit 

clonal variability by focusing specifically on a population of monoclonal T cells carrying a TCR 

of defined specificity. In addition, the use of congenic markers enables straightforward 

identification of adoptively transferred cells in host animals. Based on the reported 

experimental design used in the initial adoptive transfer study42, many follow-up studies 

transferred 106 or more TCR transgenic T cells into naïve mice, which was considered a 

strength of this experimental system as it facilitated identification of transferred cells at all 

times. However, as pointed out by Harty and colleagues43, this experimental design creates a 

situation in which antigen-specific T cells are present at 1000- to 100.000-fold higher numbers 

than the corresponding endogenous naïve precursor T cell frequency, thus inhibiting the 

endogenous T cell response to the same epitope43,44, which was revealed to not just alter 

several features of the T cell response45–48 , but to influence in essence all facets of the CD8+ 

T cell response, from proliferation to phenotype and function44. However, CD8+ T cells 

responding to infection or immunization are known to proliferate robustly, which allows for 

the transfer of very low numbers of TCR-transgenic T cells44, thus creating an experimental 

context that approximates normal physiology that furthermore enables direct comparison 

with the endogenous T cell response of the host. This experimental approach was utilised in 

subsequent years to great effect to interrogate T cell behaviour at the single-cell level49,50. In 

summary, while the potential caveats must be kept in mind, the combined advantages of the 

TCR-transgenic adoptive transfer system ensure its continued relevance as an invaluable 

experimental tool to study T cell behaviour.  
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1.2.2. Ovalbumin as a model antigen to study CD8+ T cell biology 

Ovalbumin (OVA) is the major protein component of avian egg-white, a 45 kDa 

glycoprotein, which is part of the SERPIN (SERine Protease Inhibitor) protein family. Being one 

of the first proteins purified in its crystalline form51 and readily available, OVA has been used 

extensively in early immunological studies, which helped lay the groundwork for our current 

understanding of antibody-protein interactions and antibody specificity52–56.  

The generation of TCR transgenic mice with a CD8+ T cell repertoire specific for the OVA 

peptide of amino acids 257-26457 (SIINFEKL, also known as N4 peptide) in the context of H-

2Kb, has facilitated the use of OVA as a model antigen to study various aspects of CD8+ T cell 

responses. N4-specific CD8+ T cells, commonly referred to as OT-I T cells, exhibit a TCR that 

consists of α-chain variable region 2 (Vα2) and β-chain variable region 5 (Vβ5), which are 

inherited via a single transgene. OT-I T cells have been widely used for studies of thymic 

selection58, autoimmunity and tolerance59, and vaccine- and infection-induced T cell 

responses43,60,61. Of note, it was demonstrated that for the OT-I mouse model, transfer of 

fewer than 500 T cells was required to permit a concurrent robust endogenous CD8+ T cell 

response and to allow TCR-transgenic T cells to mimic endogenous CD8+ T cell behaviour to L. 

monocytogenes infection44. 

The OVA system has additionally been used to generate a series of so-called altered 

peptide ligands (APLs), which are peptide variants derived from the original antigenic peptide 

with substitutions of particular amino acid residues. The generated APLs can be grouped into 

different categories depending on their binding affinity to the TCR62. OT-I TCR transgenic T 

cells exhibit a wide range in affinities to modified versions of the original peptide N4. All of 

these different peptides bind equally well to H2-Kb but differ in their potency to simulate OT-
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I cells, which has been utilised to great effect in a number of studies probing how the strength 

of the TCR stimulus shapes the subsequent fate and response of T cell clones (see also p.52)63. 

In addition, the availability of APLs makes it possible to mimic and investigate how clones of 

various TCR specificity behave during the responses. This system has furthermore facilitated 

studies of T cell responses to re-infection with pathogens carrying point mutations in 

immunodominant epitopes64. 

1.2.3. Listeria monocytogenes as a model infection system to study CD8+ T cell biology 

Listeria monocytogenes (LM), first described in 192665, is a gram-positive food-borne 

bacterium that thrives in several distinct environments66. Ingesting food products 

contaminated by this pathogen can lead to the disease listeriolisis, which manifests as 

gastroenteritis, meningitis, encephalitis, mother-to-foetus infections, and septicaemia and 

mainly affects immunocompromised individuals, pregnant women, and newborns. Following 

ingestion, L. monocytogenes invades the intestinal epithelial, which allows crossing of the 

intestinal barrier and gaining access to internal organs. Infection by this pathogen has been a 

useful model for investigating cellular interactions that are critical for the initiation of the host 

T-cell response66, and furthermore established itself as a model organism to study every 

phase of the CD8+ T cell response to intracellular bacterial infection67.  



 27 

 

Figure 6. The life cycle of Listeria monocytogenes (LM). Listeria can trigger uptake into cells, which normally lack 
phagocytic capacities, and thus infect several different cell types. It escapes the phagosome through secretion of listeriolysin 
O (LLO), which breaks open the phagosomal membrane. Actin assembly enables Actin-based motility within the cytosol, 
which also mediates cell-to-cell spread. 

 

L. monocytogenes can infect different cell types, due to its capacity to trigger uptake into 

cells which normally lack phagocytic capacities. Once inside the host cell, it escapes the 

phagosome by secreting a pore forming toxin known as listeriolysin O (LLO). Thus, gaining 

access to the host cytosol, bacterial replication ensues. Mobility within the cytosol is achieved 

by polar expression of the bacterial nucleating actin protein known as actin-assembly-

inducing protein (ActA), which provides L. monocytogenes with a scaffold of polymerized F-

actin to propel itself through the cytoplasm. Once it reached the plasma membrane, long 

protrusions containing bacteria are formed, which can be invaginated by neighbouring cells 

and thus enable infection of new host cells67. This mode of direct cell-to-cell spread allows L. 

monocytogenes to largely avoid the extracellular milieu and escape neutralising antibodies.  

The innate response to LM involves multiple cell types, cytokines, and bactericidal effector 

mechanisms68, while the adaptive immune response to LM is mostly T cell-mediated, which 

is required for complete pathogen clearance69. Circulating monocytes and resident 
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macrophages, such as Kupffer cells, play an important role in innate immunity by ingesting 

and destroying LM68. Additionally, secretion of cytokines such as interleukin-1 (IL-1), 

interleukin-6 (IL-6), Tumour Necrosis Factor (TNF) and interferon-gamma (IFN-γ) by multiple 

immune cells play an important role in the innate response70. IL-1, produced by LM-infected 

macrophages, facilitates recruitment and activation of both neutrophils and macrophages71. 

Another cytokine critical for efficient neutrophil recruitment and rapidly secreted after LM 

infection is IL-672,73. Increased LM susceptibility has also been reported in lymphotoxin β 

receptor-deficient mice, which caused impaired nitric oxide production by macrophages and 

thus diminished their bactericidal effector mechanisms74.  

Four crucial cytokines in the immune response to LM infection are TNF75, interleukin-12 

(IL-12), interleukin-18 (IL-18) and IFN-γ. TNF on its own is sufficient to activate macrophages76, 

and furthermore induces the production of IFN-γ77. IL-12 and IL-18 are produced mainly by 

activated macrophages and are both critical mediators in the coordination of the immune 

response against LM. Both additionally act as inducers of IFN-γ secretion from responding 

immune cells76–79. The essential role of IFN-γ in the response to LM infection has been 

demonstrated in multiple studies76,80–82, and mice lacking the IFN-γ receptor have been 

reported to exhibit increased susceptibility to LM infection due to impaired macrophage 

activity83. Different mechanisms (reviewed here66) enable LM to manipulate infected host 

cells and evade detection. However, its presence within the cytosol is usually still recognized 

by the immune system, which leads to the induction of a potent CD8+ T cell response.  

Intravenous inoculation of L. monocytogenes into laboratory mice has been utilised as a 

model system to study intracellular bacterial infections since the 1960s, and has helped to 

demonstrate the central role of cellular immunity in controlling intracellular infections84,85. 

These studies led to murine listeriolisis being established as perhaps the most utilised animal 
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model to study the immune response against intracellular bacterial pathogens67. Murine 

listeriolisis represents a unique tool to investigate all aspects and all phases of CD8+ T cell 

responses to infection with intracellular pathogens. Moreover, an epitope hierarchy has also 

been established, with the peptide LLO91-99 discovered to serve as the immunodominant 

epitope, while the peptide p60217-225 is subdominant67. 

LM has been successfully engineered to express model antigens, such as the well-defined 

ovalbumin epitope (LM-OVA) that permits studies using the OVA-specific TCR transgenic T cell 

(OT-I)57. Several additional recombinant LM strains suitable for other transgenic models have 

also been generated, such as recombinant L. monocytogenes strains expressing Lymphocytic 

choriomeningitis virus (LCMV) glycoprotein33-41 (gp33-41)86, to which P14 TCR transgenic T cells 

are specific87. Lastly, the generation of L. monocytogenes with attenuated pathogenicity has 

facilitated studies in immunocompromised mice82 and duration of infection can furthermore 

be modulated through the use of antibiotic treatment, providing another important 

advantage this infection model offers67. 

1.2.4. Detection of antigen specific CD8+ T cells by Tetramer staining 

Analysis of antigen-specific T-cell populations by flow cytometry is made possible by 

peptide-MHC multimer staining, which was developed in 199688. pMHC multimers are 

commonly linked to fluorochromes, which facilitates detection of antigen-specific T cells by 

conventional flow cytometry. Alternatively, linkage to rare metal ions allows detection by 

mass spectrometry (MS)89. While MS-based detection offers several advantages, most 

notably allowing in theory to separate cells in over 100 dimensions, it comes with the major 

disadvantage of cell incineration, which makes subsequent cell collection impossible. It 
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furthermore also does not yet allow cell sorting on the light-based properties of forward and 

side scatter11.  

As mentioned previously, the binding affinity between TCR and pMHC is comparatively 

weak, with interactions typically only lasting a few seconds. Multimerization of soluble pMHC 

can considerably extend the half-life of these interactions due to an added avidity effect, 

which produces reagents that stably adhere to the T cell surface bearing a cognate TCR11. 

Combination of pMHC multimer staining with a cocktail of antibodies directed against other 

cell surface proteins furthermore enables the co-staining of antigen-specific T cells and 

segregation into various phenotypic populations by flow cytometry.  

It should also be emphasised that pMHC multimer staining has several limitations. For 

example, the TCR-pMHC affinity required for pMHC tetramer binding exceeds that required 

for T cell activation90, which means that conventional pMHC tetramer staining can fail to 

detect functional T cells with low-affinity TCRs, including self-specific T cell populations91. 

Some of these issues can be addressed by increasing the number of pMHC monomers and 

using higher-order multimers such as pentamers or dextramers92. In addition, several tricks, 

from staining with anti-coreceptor antibody after staining with pMHC multimer, to signal 

boosting with an anti-multimer antibody, can be employed to improve staining efficiency 

(described in more detail here11). 
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1.3. CD8+ T cell responses to infection 

DC recognition of pathogen-derived products through Toll-like receptors (TLRs) and other 

innate pattern recognition receptors (PRRs) creates immunogenic DCs that bear increased 

amounts of co-stimulatory molecules and antigen-MHC complexes93,94. Activation of innate 

immune cells through PRRs also triggers the production of several pro-inflammatory 

cytokines, such as type I interferons (IFNα/β), IL-12 and IFN-γ95. Antigen encounter on 

immunogenic APCs induces CD8+ T cell activation, proliferation and differentiation into fully 

functional effector cells96. The third signal provided by inflammatory cytokines helps to shape 

the ensuing effector and memory cell formation28. 

 

Figure 7. Type 1 Immunity. The immune system has tailored its effector functions to optimally respond to distinct species 
of microbes. Type I cell-mediated effector immunity provides an effective response against intracellular microbes, such as 
bacteria, protozoa, and some viruses, and it comprises T helper 1 cells (TH1), as well as cytotoxic lymphocytes such as CD8+ 
T cells and natural killer (NK) cells. (A) Activation of CD8+ T cells results in cell-mediated killing of infected cells (B) and 
secretion of IFN-γ and TNF upon binding to cognate pMHC97 (C) IFN-γ secretion by TH1 cells in response to detection of 
intracellular pathogens leads to activation and conversion of macrophages and neutrophils into potent effector cells.  
[Created with BioRender.com]. 
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Infections with viruses or intracellular bacteria induce so-called type 1 immune responses 

(Figure 7). These responses promote the differentiation of CD8+ T cells into cytotoxic T 

lymphocytes (CTLs), which kill antigen-bearing infected cells through effector molecules, such 

as granzyme and perforin and secrete cytokines such as IFN-γ and TNF98. In parallel, CD4+ T 

cells are driven towards differentiation into TH1 cells, which also produce IFN-γ, TNF and 

interleukin-2 (IL-2). TH1 cells are critically involved in the coordination of the antiviral immune 

response by sustaining CD8+ T cell responses leading to the clearance of virus-infected cells99. 

In parallel, T follicular helper T (TFH) cells form, which primarily migrate into germinal centres 

following immunization to regulate the development of antigen-specific B cell immune 

responses. Of note, although these pools of effector CD4+ and CD8+ T cells formed during type 

I responses are dominated by particular effector traits (such as IFN-γ production and 

cytotoxicity), these cells do not constitute uniform populations and technological advances 

have revealed a plethora of specialised subsets within these distinct cell populations100–102. 

1.3.1. Primary CD8+ T cell responses 

T cells need to balance effective protection against pathogenic microorganisms with the 

risk of potentially overreacting against self and thus causing immunopathology. Hence, to 

avoid immunologically driven tissue damage, T cells need to scale their clonal expansion and 

effector response according to the dose and strength of the antigenic trigger, which is 

accomplished by the temporal integration of TCR signalling with several additional regulatory 

signals103,104. An initiated T cell response to an acute infection can be subdivided into three 

distinct phases: clonal expansion, contraction of the T cell population and the maintenance 

of a memory pool (Figure 8).  
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Figure 8. Kinetics of CD8+ T cell immune responses. During an acute viral infection, antigen-specific T cells rapidly 
proliferate during the expansion phase and differentiate into cytotoxic T lymphocytes (CTLs) that mediate viral clearance. 
Most of these cells die over the next several weeks during the so-called contraction phase of the response, and only a small 
percentage of effector T cells (5-10%) survive and further develop into mature long-lived memory CD8+ T cells. The pool of 
effector cells can be separated into multiple distinct subsets based on differences in gene and protein expression, effector 
functions, migratory patterns, proliferative capacity, and long-term fate. Not all effector T cells have equal potential to form 
memory T cells and cell-surface markers can be used to distinguish between short-lived terminal effector T cells (SLECs; 
shown in blue) and long-lived memory and memory precursor cells (MPECs; shown in orange) [Created with BioRender.com; 
adapted from Kaech and Cui 201299]. 

 

Primary T cell immune responses originate from a pool of antigenically naïve T cells 

harbouring a highly diverse repertoire of distinct TCRs. Most immune responses to defined 

peptide epitopes emerge from considerably more than just a single T cell, with multiple 

studies over the years showing a certain level of redundancy and cross-reactivity105. It has 

also been discovered that during systemic infection nearly all the naive T cells specific to a 

defined epitope of a bacterial or viral pathogen are effectively recruited into the response106. 

In summary, T cell immune responses to a given pathogen, which can display a remarkable 
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degree of phenotypical and functional diversity, likely emerge from multiple naive T cells 

specific or cross-reactive to the same pathogenic epitope50.  

However, both in mice and humans the frequency of T cells carrying a TCR specific for a 

given epitope is nevertheless considered to be generally quite low, ranging between 1 to 10 

per million CD4+ T cells and 1 to 100 per million CD8+ T cells50,105,107. Hence, to provide 

effective immune protection during an acute infection with rapidly proliferating pathogens, 

an antigen-specific T cell population is required to undergo massive numerical expansion. The 

selectivity of antigen receptors ensures that only those lymphocytes expressing TCRs specific 

for a given antigen are selected to participate in the ensuing response. These antigen-specific 

T cells can expand >10.000-fold following activation in SLOs108–110. Frank Macfarlane Burnet 

was the first to introduce this important concept of adaptive immunity in 1957 as the clonal 

selection theory111. In most models of infection or vaccination, clonal expansion of antigen-

specific T cells, which is accompanied by the acquisition of potent effector functions, usually 

reaches its peak within 5-8 days after activation67,99.  

Following the effector phase of the response, during which invading pathogens are 

typically cleared, the majority of activated effector CD8+ T cells die43 and only a small 

percentage (approximately 5-10%) survive this so-called contraction phase to stably persist in 

the absence of antigen and further mature into long-lived memory CD8+ T cells. The resulting 

100- to 1000-fold increase, relative to the preimmune state, of epitope-specific T cells in the 

form of memory cells facilitates more rapid and potent recall responses in the event of 

antigen reencounter43,50,99,112.  
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1.3.2. Regulatory mechanisms controlling CD8+ T cell expansion 

Classically, CD8+ T cell expansion was believed to correlate with antigen persistence and to 

be maintained until T cells somehow sense the clearance of the invading pathogen. However, 

experiments modulating the duration of infection in vivo have demonstrated that CD8+ T cells 

are swiftly programmed to undergo many rounds of division following an initial period of 

stimulation109,113. In addition, in vitro experiments have revealed that 2 hours of antigen 

stimulation are sufficient to program CD8+ T cells to undergo several rounds of division and 

to acquire effector functions86,114,115. Altogether, it was concluded that a short period of 

antigen stimulation is sufficient to activate a program of T cell expansion which continues for 

multiple rounds of cell division independently of further antigenic stimulation67. The extent 

of CD8+ T cell clonal expansion was revealed to be proportional to antigen abundance and/or 

TCR binding affinity63,86,116. 

However, additional signals still exert a critical influence on the expansion of responding 

antigen-specific T cells28,43,117–119, and multiple experimental interventions have been 

discovered to dampen clonal expansion, such as curtailing the overall exposure to antigens 

and inflammation by shortening the duration of the infection, recruiting naive T cells at the 

tail-end of the infection, or increasing the precursor frequency of antigen-specific naive CD8+ 

T cells, which increases intra-clonal competition for cognate antigen and cytokines47,120–127. 

Notably, interventions shortening clonal expansion47,120–126 have furthermore been shown to 

hasten the differentiation of memory precursor cells (see also p.42).  

These findings revealed the local cytokine milieu to be a critical determinant of the 

magnitude of CD8+ T cell expansion and pro-inflammatory cytokine to be required to achieve 

optimal accumulation28. Further evidence for the importance of signal 3 cytokines in 
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modulating the expansion of antigen-specific CD8+ T cells following infection was provided by 

studies demonstrating that T cells display an impaired ability to proliferate if they lack the 

capacity to respond to IL-12 in the context of LM infection128, or to type I interferon in the 

case of LCMV infection25,26, although it was later discovered that other pathogen-dependent 

cytokines can also serve as signal 3129. In vitro studies suggested that both type I IFNs and IL-

12 can enhance T cell survival27,130,131. However, the precise mode of action of these cytokines 

in controlling T cell expansion in vivo is thought to be highly context-dependent and remains 

to be further elucidated for different types of infection. 

Following activation, CD8+ T cells acquire the capacity to exert effector functions through 

the expression of molecules such as granzyme B and perforin and cytokines such as IFN-γ and 

TNF98,108, which play a critical role in the clearance of invading pathogens75,132–135. In addition, 

some of these effector molecules have also been reported to modulate CD8+ T cell 

homeostasis over the course of infection. For instance, perforin can shape T cell expansion 

independently of its role in bacterial clearance133 and may thus serve an important regulatory 

role in preventing overexpansion of antigen-specific CD8+ T cells67. 

1.3.3. Regulatory mechanisms controlling CD8+ T cell contraction 

The capability of T cells to sense the disappearance of antigen was originally thought to 

not only modulate expansion, but to furthermore trigger contraction. However, studies 

truncating infection have clearly shown the in vivo clearance of infection and the onset of 

contraction to be not directly linked109. Additionally, the onset and initial kinetics of antigen-

specific CD8+ T cell contraction were shown to be similar after acute virus infection to that 

following chronic or persistent infection109,136,137, which indicated that contraction is 
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programmed, independently of pathogen or antigen clearance, into the responding CD8+ T 

cell population by signals received early after onset of infection109.  

Subsequent studies revealed that inflammation, and thus cytokine signalling, early during 

the response plays a critical role in programming contraction of T cells127. Additionally 

supporting the idea that contraction is programmed early during antigenic stimulation was 

the discovery that contraction is typically programmed to initiate approximately 5 days post 

peak antigen presentation138. The precise mechanisms through which inflammatory cytokines 

regulate contraction remain to be fully understood, but induction of pro-apoptotic molecules 

such as the B-cell lymphoma 2 (Bcl-2) family member Bim is thought to play a critical 

role139,140. However, additional pathways likely contribute to the death of previously activated 

CD8+ T cells141–143, possibly by modulating the balance and activation state of pro- and anti-

apoptotic Bcl-2 family members43 or by inducing extrinsic pathways of apoptosis144. Lastly, 

the expression of cytotoxic products in CTLs, such as granzyme B, has also been implicated in 

the death of effector T cells145,146. In summary, contraction appears to be programmed early 

after antigen encounter and to be largely controlled by the induction of systemic 

inflammation67. However, there are still many unknowns in our understanding of the 

mechanisms which govern life and death of activated CD8+ T cells.  

1.3.4. CD8+ T cell memory 

Immunological memory is a hallmark of the adaptive immune system. It was originally 

proposed that memory CD8+ T cells are randomly selected147. However, effector cells were 

later discovered to be not equipotent, meaning memory cell potential is not inherited 

equivalently by all effector cells. Rather, some CD8+ T cells are intrinsically better suited than 

others to persist and differentiate into memory CD8+ T cells99.  
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The traditional linear differentiation model of memory T cell development (see also p.46) 

proposes that the ontological decision to diversify into short- or long-lived T cells happens at 

the onset of contraction, after population expansion has reached its maximum147,148. This idea 

has been challenged by various recent discoveries. A small subset of effector T cells with 

increased expression of interleukin-7 (IL-7) receptor subunit-α (IL-7Rα, also known as CD127), 

and decreased expression of killer cell lectin-like receptor G1 (KLRG1), has been identified as 

exhibiting a heightened propensity to form long-lived functional memory cells and are thus 

also called memory precursor cells (MPECs)120,121,149–151. Within an activated effector T cell 

population, MPECs can be discerned from terminally differentiated, short-lived effector cells 

(SLECs) well before onset of contraction120, as early as day four after infection with various 

pathogens120,149,152,153. However, it is important to highlight that these phenotypic features 

are not exclusive criteria for forming memory T cells. While IL-7 mediated survival signals may 

likely be involved in allowing cells to survive contraction and differentiate into long-lived 

memory cells, cell death has also been observed in the IL-7Rαhi effector T cell compartment 

following infection120,154,155. In addition, constitutive expression of IL-7Rα by CD8+ T cells was 

shown to be insufficient in preventing contraction following L. monocytogenes156 or LCMV 

infection157, and increased IL-7 signalling was insufficient to increase memory in the context 

of LCMV infection158. Finally, conditions resulting in low systemic inflammation, such as DC 

immunization or peptide vaccination, were revealed to give rise to a much greater proportion 

of CD127hi T cells, while contraction was minimally affected122,159–161, altogether suggesting 

that high expression of IL-7Rα on its own is not sufficient to enforce survival during the 

contraction phase. Furthermore, and in contrast to conventional thought, KLRG1hi cells have 

recently also been discovered to be capable of losing KLRG1 expression again and convert 

into memory162.  



 39 

Nevertheless, while KLRG1 and CD127 are not definitive markers, they offer a means of 

determining the relative memory cell potential and lifespan of effector CD8+ T cells during 

primary infection and are thus still commonly used to subdivide the responding antigen-

specific T cell population. CD62L and CCR7 are additional markers often used to characterize 

the changing phenotype of CD8+ T cells progressing from naïve (CD62LhiCCR7hi), to effector 

(CD62LloCCR7lo), and memory (CD62Llow/hiCCR7low/hi)95. 

Once an acute infection is cleared, memory CD8+ T cells are maintained in an antigen-

independent, cytokine-dependent manner mainly through the actions of two cytokines, IL-7 

and Interleukin-15 (IL-15). Both cytokines promote memory CD8+ T cell survival and self-

renewal through homeostatic (basal) proliferation151,163–166. By contrast, persistent infections 

often cause substantial alterations in the phenotype and functionality of memory CD8+ T 

cells137,167–169, which may either result in the deletion of CD8+ T cells of certain specificities or 

the exhaustion of their effector functions169, which describes a dysfunction in their ability to 

mobilise effector functions, such as IFN-γ and TNF, IL-2 and cytotoxicity170.  

1.3.5. Diversity within the memory CD8+ T cell compartment 

Memory CD8+ T cells are capable of rapidly proliferating and generating effector functions 

upon encounter with their cognate antigen, thus producing a burst of CTLs helping to contain 

secondary infection (Figure 9).  
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Figure 9. CD8+ T cell memory. Primary infection results in the activation and expansion of antigen-specific CD8+ T cells. 
While most responding cells are sent into apoptosis once infection is cleared, a small subset survives to become long-lived 
memory cells, which upon re-challenge are primed to respond more rapidly and potently [Created with BioRender.com]. 

 

Notably, substantial phenotypic and functional heterogeneity was revealed to exist even 

within a population of memory CD8+ T cells specific for a single epitope (Figure 10)171. 

Federica Sallusto and Antonio Lanzavecchia172 were the first to demonstrate that memory T 

cells can be subdivided by distinct expression patterns of adhesion molecules and chemokine 

receptors, that translate into migratory differences, which led to the characterization of 

central memory T cells (TCM), which similar to naïve T cells continuously recirculate via the 

bloodstream to lymphoid organs, and effector memory T cells (TEM), which preferentially 

migrate to nonlymphoid tissues173. The more recent identification of tissue-resident memory 

T cells (TRM)174,175, which may be further subdivided depending on the organ they reside in176, 

adds to the complexity and diversity of the memory T cell compartment50. 

TCM and TEM cells are two memory populations residing in blood and spleen, which are 

traditionally defined by differential expression of the lymph node (LN) homing receptors 

CD62L and CCR747,148,172. TCM cells have a higher proliferative capacity and are thought to 



 41 

provide superior protection against re-infection than TEM cells, at least under certain 

conditions. Like naïve cells, their expression of CD62L and CCR7 enables them to home to LNs 

and survey them for cognate antigen177. In contrast, TEM cells are more cytotoxic than TCM 

cells, but are excluded from accessing LNs. Lastly, TRM cells are a tissue-confined, non-

migratory memory population, derived from effector cells that seed non-lymphoid tissues 

early after infection178–181, although it was also suggested that TRM cells may be progeny of 

TEM cells182. Additionally, a few studies183–186 recently identified a naïve-like memory T cell 

subset, which due to its superior expansion capacity (compared to TCM cells) was termed T 

memory stem cells (TSCM). However, despite the name implying stemness, a stringent analysis 

of this subset’s multipotency and self-renewal capacity is still lacking and thus it is conceivable 

that this subset may only represent a transient cellular state in the differentiation path from 

naïve to stably maintained TCM
50. 

 

Figure 10. Memory CD8+ T cell subsets. Schematic representation showing the four main CD8+ memory T cell subsets 
(central panel), with their respective quality attributes (left panel) and the cell surface biomarkers used for their phenotypic 
characterization. TSCM: stem cell like memory T cells; TCM: central memory T cells; TEM: effector memory T cells; TRM: tissue-
resident memory T cells [Created with BioRender.com; adapted from Jandus et al. 2017187]. 

.  
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1.4. CD8+ T cell differentiation and behaviour – Stochasticity at the single-

cell level, robustness at the population-wide level 

It has been appreciated for many years that epitope-specific CD8+ T cell populations exhibit 

substantial phenotypic and functional diversity, both during the effector and memory phase 

(Figure 11). Multivariate analysis on the phenotypic, functional, and transcriptional level have 

revealed even more complex patterns of diversification188. Diversification of cellular progeny 

is a key feature of CD8+ T cell immunity, which provides specialised T cell subsets that can 

respond distinctively within shared environments50. However, technological limitations made 

it previously difficult to follow the behaviour of a single T cell in vivo, and thus many models 

of T cell diversification had to be inferred from measuring population behaviour. However, 

more recent technologies advances, such as 2-Photon imaging189–192, in vivo fate mapping 

through genetic cellular barcoding193,194 or the adoptive transfer of single T cells carrying 

distinct congenic markers195,196, have revolutionised our understanding of T cell behaviour.  

Collectively, these studies have demonstrated that individual T cells exhibit a remarkable 

degree of heterogeneity at the single-cell level and are in principle capable of generating a 

diverse offspring encompassing phenotypically and functionally distinct effector and memory 

T cells. These studies further indicated that early events create substantial variation in 

subsequent expansion and phenotype between individuals T cells, and it was suggested that 

the occurrence of these events on the single cell level should be regarded as stochastic in the 

sense that it cannot be predicted prior to the onset of the immune response which event or 

succession of events a single T cell will encounter50. While many of these studies have been 

conducted with TCR Tg CD8+ T cells, adoptive transfer experiments of single CD4+ T cells197 

and CD8+ T cells198 have confirmed that notable quantitative and qualitative variability of 
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single-cell-derived responses is also encountered within the endogenous polyclonal TCR 

repertoire. 

 

Figure 11. CD8+ T cell diversification. An activated CD8+ T cell can differentiate into several distinct subsets, based on 
the cumulative signal strength received during priming [Created with BioRender.com]. 

 

However, contrastingly, at the global level, immunological outputs, such as expansion and 

diversification, are tightly controlled, thus leading to reproducible and predictable response 

patterns to infection50, which suggests that the immune system robustly integrates a 

stochastic pattern of extrinsic context-dependent signals and/or T cell-intrinsic factors 

through population averaging (Figure 12). 
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Figure 12. Robustness of T cell responses through population averaging. (A) During a T cell response, most naïve T cells 
specific for a defined epitope are recruited and induced to proliferate and differentiate. The combined progeny of these 
naïve precursors forms a phenotypically and functionally heterogenous population of effector T cells, with some exhibiting 
a high propensity to become memory (MPECs), whereas others are destined to be short-lived (SLECs). (B) While displaying a 
remarkable degree of diversity at the single-cell level, epitope-specific T cell immune responses are robust and reproducible 
at the population-wide level. TN: naïve T cell; TCMP: central memory precursor; TEMP: effector memory precursors; SLEC: short-
lived effector cell [Created with BioRender.com; adapted from Buchholz et al. 201650]. 

 

Importantly, individual naive T cells and memory T cells do not always realize their 

immense developmental potential. Single T cell–derived proliferation and differentiation is 

executed with massive variation, and recruitment of a sufficient number of naive precursors 

is therefore necessary to provide a robust relationship between infectious input and 

immunological response196–199. It was suggested that the notable redundancy of the TCR 

repertoire107 and the high efficiency of recruiting T cells specific to a certain epitope into an 

immune response106 may therefore be understood as an evolutionary adaptation to balance 

stochastic response variation at the single-cell level by population averaging50. 
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Adoption of a certain T cell fate could either be determined autonomously, by cell-intrinsic 

development programs, or be mainly determined by cell-extrinsic cues provided by a certain 

tissue microenvironment. Studies examining population behaviour generally suggested a 

model of T cell diversification, in which antigen encounter synergises with environmental 

signals to drive CD8+ T cells down numerous differentiation states that vary both in effector 

function and survival capacity, and which need to be tightly coordinated to ensure effective 

responses to infection, while also maintaining peripheral tolerance96.  

Despite the stochastic plasticity observed at the single-cell level, several factors have been 

identified to promote either effector or memory differentiation, which help to explain how 

heterogenous pools of effector and memory CD8+ T cells arise during infection99. The three 

major classes of signals required for functional T cell activation – TCR triggering through 

binding to cognate antigen (signal 1), co-stimulation (signal 2) and cytokine signalling (signal 

3) – all operate along gradients, whose integration determines subsequent T cell expansion 

and differentiation. It is important to highlight that the three signals required for functional T 

cell responses are not considered to be hierarchically equal. Generally, only upon TCR 

engagement are the other two signals allowed to contribute to T cell activation and fate 

determination. During infections, critical co-stimulatory receptors for CD8+ T cells include 4-

1BB and CD27 (binding to CD70), while CD28 (binding to CD80 and CD86), CD40 and OX40 are 

also crucial in certain infectious settings20,98,200–206. The main pro-inflammatory cytokines 

produced during viral and other intracellular infections are type I IFNs, IFN-γ, IL-2, IL-12, IL-27 

and IL-33, which have been suggested to enhance the proliferation, differentiation and 

survival of CTLs through various mechanisms such as increasing the expression of cytokine 

and co-stimulatory receptors24,26,211,212,119,122,127,155,207–210. These three types of signals are 

closely linked and inseparable in vivo during infection and the duration or relative amount of 
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these signals defines the cumulative signal intensity T cells receive213–215, which determines 

the final number, phenotype, function, and long-term fate of activated CD8+ T cells99 (see also 

p.52). 

1.4.1. Models of CD8+ T cell diversification 

Based on the available evidence, three models were put forth to explain T cell 

diversification (Figure 13). The decreasing-potential model proposes that repetitive 

stimulation of T cells with antigen and pro-inflammatory cytokines drives greater proliferation 

and terminal effector cell differentiation. Terminal differentiation is thought to be 

accompanied by a loss of memory cell properties, such as enhanced longevity, proliferative 

potential and IL-7Rα expression. Such a linear progression model provides a mechanism for 

how the cumulative history of signals encountered during infection may generate a wide 

spectrum of effector T cells at various differentiation states99,147. Such a model is supported 

by the observation that shortening the duration of antigen exposure and decreasing 

inflammation through antibiotic treatment or DC immunization accelerates memory T cell 

formation while simultaneously decreasing the fraction of SLECs observable at peak 

expansion, and also helps to explain why cells recruited at the tail-end of the response 

preferentially differentiate into TCM cells120–123,127,216. It has furthermore been shown that 

inflammatory cytokines, mainly IL-12 and type I interferons, selectively drive SLEC expansion 

by prolonging their responsiveness to IL-2217, while depletion of inflammatory cytokines 

results in diminished SLEC numbers and reduced contraction122,216.  

The decreasing potential model (Figure 13A) thus postulates that memory formation is the 

default state of activated T cells, and that TEM or SLEC differentiation is only possible if a 

certain level of cumulative signal intensity is surpassed99,218. Conceptually, this model relies 
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on the initial priming event chiefly for triggering proliferation, whereas fate diversity is 

subsequently generated through instructive signals that drive the differentiation of expanding 

long-lived precursors into various shorter-lived descendants99,147,219. Whether this activation 

level represents a binary threshold, or whether effector potential is gradually increased 

according to increasing signal strength is a matter of ongoing debate and may be dependent 

on the molecules that are used as surrogates for quantifying the threshold value220–225. 

 

Figure 13. Models of CD8+ T cell diversification. (A) The decreasing-potential model suggests that effector T cells adopt 
various differentiation states according to the cumulative history of signals that they encounter during infection. (B) In the 
signal-strength model, the formation of heterogeneous effector cell populations is dependent on the overall strength of the 
signals that are encountered early during T cell priming. (C) The asymmetric cell fate model suggests that effector and 
memory T cell fates can arise from a single-precursor T cell through asymmetric cell division that occurs as early as the first 
cell division after antigenic stimulation. Signals 1, 2 and 3 denote antigen, co-stimulatory molecules, and cytokines, 
respectively. TCM: central memory T cell; TEM: effector memory T cell; TTM: transitional memory T cell [Created with 
BioRender.com; adapted from Kaech and Cui 201299]. 

 

Available evidence also supports another diversification model, known as the signal-

strength model (Figure 13B), which posits that the formation of heterogenous effector cell 

populations is significantly dependent on the integrated strength of the cumulative signals 
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delivered by the antigen, co-stimulation and pro-inflammatory cytokines encountered early 

during T cell priming226–228. Additionally, a strong signal is suggested to drive enhanced clonal 

expansion and to identify T cells that are competent to form memory cells, while driving 

terminal effector differentiation beyond a certain threshold99. Importantly, this model 

suggests that different cell fates can be specified early during the response according to the 

cumulative signal intensity received, rather than in a linear, stepwise manner driven by 

successive rounds of stimulation, as proposed by the decreasing-potential model. 

The final model, known as the asymmetric cell fate model (Figure 13C), suggests that 

asymmetric cell division may serve as a possible mechanism of T cell diversification, which is 

suggested to occur as activated cells clonally expand229. Asymmetric cell division is a process 

well-studied in yeast cells and produces two daughter cells with distinct cellular fates (in the 

context of T cell diversification memory and effector cells) from a single precursor cell, which 

is mediated by unequal inheritance of cell surface receptors and associated cytoplasmic 

proteins. This concept, which was first introduced into T cell biology in 2007229, proposes that 

asymmetric partitioning of signalling molecules and certain components of the intracellular 

machinery, such as the proteasome230, results in the generation of two distinct daughter cells 

from a single primed T cell, with one daughter cell destined for a short-lived effector fate, 

whilst the second daughter cell displays heightened memory potential. Asymmetric cell 

division has furthermore been proposed to occur after priming of TCM cells231 and is thought 

to be preferentially induced by high-affinity TCR binding232. However, this model remains 

controversial50,185,233 and awaits further confirmation in vivo. 
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1.4.2. Transcriptional regulation of CD8+ T cell diversification through T-bet and Eomes 

Much progress has been made over the last two decades in our understanding of the 

transcriptional circuitry underlying T cell diversification and several transcription factors that 

regulate effector and memory CD8+ T cell development have been identified (reviewed 

here99). Notably, multiple of them function in pairs that form counterregulatory axes to 

regulate effector and memory cell potential. In the following section we will only briefly 

introduce one of these pairs most relevant for this thesis – the T-box transcription factor 

family T-bet and eomesodermin (Eomes), which are both critical to create CTLs 120,209,234–237. 

T-bet expression is induced upon productive TCR engagement, which is subsequently 

amplified by IL-12-mediated signals and mTOR activity in effector CD8+ T cells120,238,239. CD8+ 

T cells lacking T-bet are impaired in forming KLRG1hiIL-7Rαlow terminal effector cells and, 

when overexpressed, T-bet is sufficient to induce the formation of these effector cells120. It 

was thus suggested that accumulating amounts of T-bet in effector CD8+ T cells may drive 

them towards terminal differentiation120. 

Eomes is a homologue of T-bet with an identical DNA recognition motif240,241, whose 

expression was correlated with memory potential209,238,242. Notably, OT-I cell studies 

indicated that Eomes expression is high in cells activated with low-affinity ligands243,244. 

Induction of Eomes expression was observed subsequently to that of T-bet in a Runx3-

dependent manner and to be amplified by IL-2, while IL-12 and mTOR were shown to repress 

Eomes expression209,239,241,245. Notably, Eomes-deficient effector CD8+ T cells have been 

demonstrated to efficiently generate MPECs but to be incapable of generating memory cells 

with normal expression of CD122, CD62L, CXCR3 and CXCR4, thus containing fewer TCM cells 

and exhibiting impaired homeostatic turnover and long-term persistence235. In memory CD8+ 
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T cells, T-bet and Eomes cooperate to sustain memory CD8+ T cell homeostasis through 

expression of IL-2Rβ (also known as CD122), which facilitates IL-15-mediated homeostatic 

proliferation of memory cells120,209,234,235.  

Importantly, the expression of T-bet and Eomes was discovered to be somewhat 

reciprocal, with T-bet expression reaching its highest level in early effector CD8+ T cells, while 

progressively declining during the effector to memory transition246. Eomes on the other hand 

displays the exact opposite expression dynamic209,235,246,247. Hence, the ratio of T-bet to 

Eomes is highest at effector cell stages and lowest at memory cell stages. Altogether, it was 

concluded that the phenotype, function, and long-term fate of effector CD8+ T cells are highly 

sensitive to the relative T-bet/Eomes expression ratio (Figure 14)120,235,236,246. Factors shown 

to regulate this ratio during infection include the balance of FOXO1 activity and exposure to 

pro-inflammatory cytokines (such as IL-12, type I IFNs and IL-2) and other cytokines (such as 

IL-4, IL-10 and IL-21)238,239,245,247,248. However, how the T-bet/Eomes expression ratio precisely 

controls T cell diversification awaits further elucidation. 

Other transcriptional pairs have also been discovered to be critically involved in the 

transcriptional programming of CD8+ T cell differentiation (reviewed here99), and it was 

suggested that these competing sets of transcription factors act along opposing gradients of 

expression, and depending on the overall balance of these counter-regulating factors, cells 

are either driven towards a more terminally differentiated phenotype or memory fate99. Such 

a gradient model equips T cells with a critical level of flexibility in controlling the quantity and 

quality of their response according to the unpredictable properties of a given infection, which 

can vary in intensity, tropism and duration. How these factors cooperate or impede each 

other’s function and how they collectively program activating CD8+ T cells remains to be 

further elucidated.  
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Figure 14. Graded activity of T-bet and Eomes control effector and memory T cell differentiation. (A) This model, 
suggested by Kaech and Cui99, postulates that in response to different levels of signal input, the differentiation of antigen-
specific effector CD8+ T cells occurs along a continuum, with cells exhibiting greater memory cell potential on one end of the 
spectrum, and terminally differentiated effector T cells present at the other end of the spectrum. (B) The diverse 
differentiation states of effector CD8+ T cells can be distinguished by the expression of several surface markers, most notably 
killer cell lectin-like receptor G1 (KLRG1), IL-7 receptor subunit- α (IL-7Rα), CD27, CXC-chemokine receptor 3 (CXCR3) and 
CD62L. (C) Multiple studies suggest that the graded expression or activity of certain competing sets of transcription factors, 
such as T-bet and Eomes, control terminal effector cell differentiation and memory cell potential. As the relative expression 
or activity of T-bet increases and surpasses a given threshold during infection, effector T cells acquire a more terminally 
differentiated state that is associated with a reduced proliferative capacity and longevity. T-bet counter-regulates, and can 
also interact with, an opposing set of transcriptional regulators, including eomesodermin (Eomes), that prevent terminal 
differentiation of effector T cells and help to maintain memory cell properties [Created with BioRender.com; adapted from 
Kaech and Cui 201299]. 
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1.4.3. TCR activation signal 1 and its modulation through signal 2 and 3 

An important intrinsic factor that has been clearly demonstrated to control proliferation 

and differentiation of CD8+ T cells is the binding affinity of their TCR for a given peptide-MHC 

complex63, which defines the strength of the TCR-derived signal. Based on the observation 

that only cells of high TCR affinity vigorously expand upon activation249, initial models of T cell 

activation proposed that successful activation and formation of effector and memory cells 

requires a cumulative signal of high overall strength250. However, this model was challenged 

by several subsequent studies, such as the previously discussed observation that even a brief 

2 hours priming phase was sufficient to induce the complete diversity of effector and memory 

CD8+ T cell subsets86,113,114. It was furthermore discovered that even very weak TCR-pMHC 

interactions are sufficient to activate naïve cells, induce proliferation and mediate the 

formation of both functional effector and memory T cells63,251,252.  

Nonetheless, the intensity of the TCR signal was shown to correlate positively with the 

potency to induce effector cell proliferation63,116,253, which may serve an important role in 

preventing the exhaustion of limited amounts of available resources by clones of low 

specificity and efficiency. Notably, single-cell studies linked strong proliferative expansion to 

terminal differentiation and loss of memory capacity196,199, even though the mechanisms 

underlying this variation remain unclear50. While high-affinity clones display a clear 

proliferative advantage63, activating low-affinity clones were shown to undergo negative 

selection based on a reduced capacity to access and thus outcompete other clones for limited 

resources254, such as the cytokine IL-2, which mediates T cell survival by triggering the PI3K 

signalling cascade and sustaining the pro-survival protein Mcl-1255. Moreover, activating T 

cells induce expression of the IL-2 receptor in an antigen-affinity dependent manner63,255. 
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Hence, high-affinity effector T cell clones have a clear competitive survival advantage over 

low-affinity T cells in their ability to access IL-2, which narrows the clonal diversity of the 

responding effector pool255.  

However, whereas TCR affinity is structurally fixed for T cells that carry the same TCR, other 

intrinsic factors, such as the amount of signalling molecules present in a given T cell, can vary 

between individual cells, which may create a range of antigen responsiveness even among 

the members of a monoclonal population256. Indeed, two studies mapping the fate of single-

cell-derived responses of a monoclonal population of TCR transgenic T cells in vivo196,199 

revealed that responses derived from single CD8+ T cells are characterized by immense 

variation in proliferative output. Despite harbouring the same TCR specificity, single naive OT-

I T cells generated between 200 and 200,000 daughter cells at peak expansion after infection 

with L. monocytogenes. The median burst size was shown to be dependent on the type and 

dose of infection. However, variability of individual clonal family sizes remained consistently 

high, both in response to high- and low-affinity antigens196,199.  

A recent in vitro study examining transcriptional changes downstream of OT-I T cell 

activation by single-cell RNA-sequencing (scRNA-seq)257 has revealed that TCR stimulation 

strength modulates the rate with which cells initiate transcriptional activation, while the core 

transcriptional activation trajectory was largely shared between clones of high- and low-

affinity. Notably, after accounting for the activation status of each cell, a small number of 

genes remained differentially expressed at the mRNA level between cells stimulated by strong 

or weak TCR ligands257. 
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Figure 15. Cumulative signal strength. T cells receive 3 signals during priming, which are integrated to specify the 
subsequent expansion and differentiation of antigen-specific CD8+ T cells. Understanding how T cells integrate alternative 
signal combinations to decide the strength of the ensuing immune response or alternatively trigger tolerance mechanisms 
poses a considerable experimental challenge. It was suggested that antigen affinity, co-stimulation and cytokine inputs sum 
linearly to amplify T cell expansion258. T cell receptor (TCR) and costimulatory signals were furthermore shown to imprint an 
early, cell-intrinsic, division fate, which represents an autonomous program that can be extended by cytokines258,259 [Created 
with BioRender.com] 

 

While the strength of the TCR signal is thus clearly an important factor defining activated 

T cell behaviour, T cell response size and subset composition are not solely modulated by T 

cell-intrinsic signals, but additionally also regulated by various extrinsic signals, which critically 

shape the immunological output (Figure 15)43. These extrinsic signals can be envisioned as 

skewing the phenotypic and functional composition of a T cell response by two nonexclusive 

mechanisms: instruction of activated T cells to adopt a certain phenotype through 

differentiation, and/or selection of a certain signal-receptive T cell phenotype to survive, 

proliferate, or die50.  

Co-stimulation and cytokines greatly contribute to the cumulative activating signal 

intensity and therefore have a major impact on TCR affinity-mediated regulation of CD8+ T 

cell expansion and differentiation. Ligation of co-stimulatory receptors, including CD28, CD27 
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and CD2, can augment TCR signals and enhance activation258,260–262, which may be essential 

for proper CD8+ T cell responses of cells receiving weak TCR signals23. Conversely, high antigen 

doses and prolonged antigen stimulation can compensate for a lack of CD28 co-stimulation in 

vivo263,264. CD27-driven co-stimulation promotes production of IL-2 in activated T cells265, 

which is generally expressed in a stimulation strength-dependent manner by CD8+ T cells266–

268. Animals deficient for CD27 therefore have reduced access to IL-2, resulting in a less 

clonally diverse effector response of increased overall affinity260. Notably, expression of CD70, 

the ligand of CD27, is also regulated by antigen avidity260,269–271, but it is currently unknown 

how this affects the activation and recruitment of high- or low-affinity clones. 

Cytokines are the third critical factor shaping cell fate decisions and clonal selection 

mechanisms. CD8+ T cells activated in the presence of high levels of IL-2 or IL-12 exhibit 

increased proliferation rates and superior effector functions63,122,127,209,221,250. Moreover, 

exogenous addition of IL-2 is sufficient to rescue survival of low-affinity cells255, as well as 

translation and proliferation deficiencies observed in cells stimulated with low dose of 

antigen or low-affinity ligands221,272. This effect of IL-2 on low-affinity cells is thought to be 

mediated by the transcription factor Myc, which controls division potential of activating cells 

and requires ongoing protein synthesis due to rapid turnover221,222,272,273.  

In summary, TCR signalling is not a binary on/off switch. Rather, it enables integration of 

signals with different intensities, such as those provided by cytokines and co-stimulatory 

molecules. How substantial the effect of TCR affinity is, relative to effects determined by the 

antigen and costimulatory makeup of the priming APC and the inflammatory signals provided 

by the microenvironment, remains to be further elucidated, even though a few models have 

been put forward (summarised in Figure 16).  
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Notably, even within a uniform, monoclonal T cell population carrying a TCR of high affinity 

for its cognate antigen, only a relatively small fraction of clones dominates the ensuing 

effector response196,199, indicating that only a small number of cells reaches the cumulative 

signalling threshold required for productive T cell expansion. Jenkins and colleagues197 have 

furthermore demonstrated that responses originating from smaller epitope-specific CD4+ 

endogenous T cell populations were substantially more variable in size and phenotypic 

composition than those originating from large ones. Collectively, these studies indicate that 

the robustness of T cell immune response quantity and quality at the systemic level requires 

recruitment and activation of a sufficient number of naive precursor T cells sharing the same 

epitope-specificity to average out fate-determining stochastic variations observed at the 

single cell level50. 

1.4.4. CD8+ T cell response poly-clonality 

TCR-driven selection mechanisms during activation are particularly relevant to understand 

T cell behaviour at the endogenous level, in the context of a highly poly-clonal T cell 

repertoire. The endogenous naïve CD8+ T cell pool consists of millions of clones, each unique 

based on its specific antigen receptor, with each clone present at low frequency274–277, 

ensuring recognition of a vast number of potential threats. Statistical probability dictates that 

for any given antigen, many more low- than high-affinity clones exist. Clonal selection based 

on antigen-specificity and TCR-affinity is thus a crucial factor in mounting an effective T cell 

response255,278. As TCR affinity is an important determinant for the capacity of activating T 

cells to access critical co-stimulatory molecules, cytokines, and nutrients255, it was proposed 

to call this fourth factor “competitive fitness”254. Supporting the relevance of this fourth factor 

in shaping the ensuing response, the relative abundance of certain CD8+ memory clones was 
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shown to be critically determined by early TCR signals, and initial TCR signal strength to 

correlate positively with the likelihood that a certain clone enters the memory pool, with 

weak TCR signals associated with premature arrest of expansion and early onset of 

contraction63. Notably, a similar competition between low- versus high-affinity clones was 

also shown to govern B cell response dynamics279,280. 

 

Figure 16. Low- vs high-affinity T cell responses. The poly-clonal T cell repertoire contains T cell clones capable of 
recognizing a given antigen with their TCRs with a range of different affinities. (A) Low-affinity stimulated T cells are thought 
to be more susceptible to Bim-mediated cell death. However, it was shown that this fate can be partially overcome by 
increasing inflammation281. Increasing antigen availability in the context of inflammation can furthermore fully overcome 
the Bim-mediated cell death and preserve low-affinity T cell responses281. (B) Interferon regulatory factor 4 (IRF4) was shown 
to be regulated by TCR signalling strength via mTOR282. IRF4 is suggested to translate differential strength of TCR signalling 
into different quantitative and qualitative CD8+ T cell responses, with IRF4hi cells exhibiting heightened expansion and 
effector differentiation [Created with BioRender.com] 

 

Thus, upon pathogen encounter, a restricted number of antigen-specific CD8+ T cells are 

selected into the effector and memory pools. Their clonal diversity determines the range of 

antigens that the population as a whole is capable of recognizing and given that the immune 

system faces distinct challenges during the immune response, the selection of particular 

clones must fit those specific purposes. Effector cells are typically faced with an actively 

replicating pathogen and thus benefit most from selecting predominantly clones with the 
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highest antigen specificity, which guarantees the most potent and efficient response 

possible110,255. Contrastingly, immunological memory must “think” long-term, and on the one 

hand ensure protection against re-infection with a previously encountered antigen, while also 

anticipating that pathogens may alter their antigenic composition as they move through their 

host populations due to immunological and selective pressures283–285. To fulfil this task the 

memory compartment must therefore promote a higher degree of clonal diversity compared 

with the effector pool to increase its chance of being capable of recognizing mutated 

pathogens. Hence, selection of memory clones can be considered a trade-off between 

specificity and diversity. Too much specificity may restrict antigen-recognition, which 

precludes responsiveness against pathogens displaying mutated immunogenic epitopes, 

while too much heterogeneity, although increasing the probability of recognizing mutated 

pathogens, may impair efficiency of recall responses. Given these competing demands, it is 

conceivable, that effector and memory cells may be intrinsically different in their clonal 

selection strategies64,286. Additionally, given that memory cells are maintained independently 

of antigen164,287, and that differences in cytokine receptor expression between high- and low-

affinity cells are lost at later time-points63,255 , the average avidity of the antigen-specific pool 

may still change in the first weeks after pathogen clearance, but eventually stabilises once 

long-lived effector cells undergo apoptosis288. Once the clonal composition of the memory 

compartment is established, it remains stable for month to years after initial infection, both 

in humans and mice289–292, altogether highlighting that the generation of a memory pool of 

sufficient diversity is an important, long-term investment of the immune system to be able to 

counter viral mutants.  
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1.4.5. Regulatory mechanisms modulating CD8+ T cell poly-clonality 

It is only partially understood how clonal selection within the effector and memory cell 

populations is regulated. Despite the great progress made in understanding the 

transcriptional programs driving effector and memory differentiation (see p49; reviewed in 

more detail here99), how these different programs are triggered and modulated is still a 

matter of ongoing debate. However, a few general patterns have become discernible. 

The impact of TCR affinity on differentiation has been examined mostly by studying TCR 

transgenic T cells. These studies suggested that high-affinity clones have several selective 

advantages over clones with low-affinity TCRs. Selection of high-affinity clones into the 

effector pool was discovered to be dependent on both increased proliferation63, and an 

enhanced ability to access prosurvival cytokines243,253,255, as well as increased and prolonged 

accessibility to APCs293, resulting in prolonged retention in the lymph node294. Increased 

access to exogenous factors such as IL-2, IL-12 or CD28 co-stimulation adds to the cumulative 

activating signal, which promotes differentiation towards an effector phenotype up to a 

threshold level221,238, while pushing T cells into exhaustion if a certain level of stimulation is 

exceeded295,296. In contrast, even cells of very low-affinity are capable of forming functional 

memory, while also exhibiting a strongly reduced capacity to induce effector 

differentiation63,244 and it is thought that memory potential is typically associated with overall 

weaker signals244. Low affinity clones have also been reported to depend upon the co-

stimulatory molecule CD27260 and displaying higher dependence on TNF receptor signalling 

during recall297.  
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Figure 17. Model for affinity selection within the effector and memory pools. Antigen encounter will activate a small 
number of high-affinity cells and a much larger number of cells with lower affinity. The effector pool is thought to be 
stringently selected for cells of the highest affinity both through negative selection of low-affinity cells and through a 
proliferative advantage of high- over low-affinity cells. In contrast, affinity-based selection of early memory is less strong 
since differences in proliferation between high- and low-affinity cells are less pronounced. Selection of high-affinity cells will 
therefore primarily occur due to competition of survival factors such as CD27 co-stimulation and cytokines. Late memory is 
supplemented by exKLRG1 cells, which are predominantly of high-affinity, thus increasing the overall affinity of the memory 
pool [Created with BioRender.com; adapted from Kavaczovic et al. 2018286]. 

 

Altogether, these findings indicate that low affinity memory precursors have increased 

dependence on factors that contribute to the cumulative activating signal, and thus may have 

an inherent survival disadvantage when competing for these factors286. However, given that 

a low cumulative signal strength appears to favour the formation of memory244 and is 

associated with reduced proliferation63,253, it was suggested that low affinity clones may 

offset their competitive disadvantage over high affinity cells, at least partially, by preferential 

programming towards a memory fate (Figure 17). 

In agreement with the observed competitive advantages of high-affinity clones, the 

effector pool against a given antigen is typically dominated by only a few greatly expanded 

clones that bind the antigen with very high affinity260,298,299, while the memory compartment 
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in contrast displays a much more clonally diverse composition260,278,298,300. However, clones 

that dominate the effector pool are also dominant in the memory population, albeit to a 

lesser extent260. Increased clonal diversity is only possible if affinity-based selection is less 

stringent, which was confirmed by a recent study64 demonstrating that the responding CD8+ 

T cell effector pool against influenza virus is more stringently selected for clones of high-

affinity than the memory pool directed against the same antigen. How clones of both high- 

and low-affinity for the activating antigen are selected into the memory pool remains unclear. 

The recent discovery that KLRG1+ cells can still form memory after pathogen clearance162, 

albeit at much lower frequency than MPECs, indicates that the high number of KLRG1+ cells 

generated during an immune response may allow “exKLRG1+” cells to make a significant 

contribution (in absolute numbers) to the memory pool. Given that high-affinity cells 

preferentially differentiate into cells with a SLEC phenotype, whereas low-affinity cells are 

more prone to become MPECs244, it was hypothesised that low-affinity memory cells may be 

formed directly, at least predominantly, whereas high-affinity memory may be additionally 

derived from exKLRG1+ effector type cells286 (Figure 17). However, direct experimental 

evidence to support this hypothesis is still lacking.  

In summary, the experimental evidence discussed so far suggests that the cumulative 

activating signal strength received upon activation is a key determining factor for effector 

versus memory cell-fate decisions196, demonstrating that, on average, an increase or 

reduction of the cumulative signal intensity favours effector- or memory-cell formation, 

respectively120,125. However, it remains unknown how this affinity-based model integrates the 

concept of clonal diversity in its selection criteria, and given that most of our current 

knowledge is inferred from studies of TCR Tg T cell clones responding to high- or low-affinity 

ligands63, which largely negate the crucial aspect of clonal competition and cooperation, it 
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remains to be further elucidated how intrinsic and extrinsic cues combine to shape the poly-

clonality of the endogenous T cell response. Of note, a very recent study64 discovered that 

TCR strength-dependent interplay between T-bet and Eomes to play a critical role in shaping 

the poly-clonality of the response and in the persistence of low-affinity clones into memory. 
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1.5. Coordination of T cell responses through T cell collectivity 

Considerable work has focused on understanding the various intrinsic and extrinsic cues 

regulating the activation and diversification of T cells50, but an often-underappreciated aspect 

of T cell biology is that they are embedded and function within a highly networked cellular 

community. All the evidence discussed so far supports a model, in which competition 

between individual T cells for trophic survival and other limiting factors254 critically 

determines T cell activation, differentiation and expansion. However, the benefits of 

cooperative actions may often outweigh the advantages each cell derives from acting purely 

autonomously301–304. The microenvironment is a key driver in modulating T cell 

differentiation, as demonstrated by studies linking early migratory patterns of activated T 

cells to subsequent cell fate commitments99,305–307. 

The fact that CD8+ T cells are capable of proliferating and differentiating autonomously 

after antigen stimulation86,114 furthermore suggests that cell-cell communication and 

interactions beyond T cell-APC interactions are crucial in specifying the exact outcome of the 

T cell response308. An important and well-studied component in ensuring effective CD8+ T cell 

responses is help provided by CD4+ T cells (reviewed recently here309), which is predominantly 

mediated indirectly through the regulation of antigen-presenting DCs. Less well studied, but 

previously shown to modulate the differentiation of T cells310–313, is direct T cell-T cell (T-T) 

communication, which may provide an important regulatory mechanism that helps T cells to 

integrate individual T cell behaviour into a robust collective response.  

T-T communication has been observed to occur either over longer distances through the 

secretion and diffusion of soluble mediators, such as cytokines or chemokines, or through 

direct cell-cell contact. These various modes of short- and long-range intercellular 
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communication likely act in concert to facilitate T cells to not solely act as individual 

responders, but as a collective through the coordination and integration of individual cell 

actions. We will first highlight the relevance of T cell collectivity in controlling T cell responses, 

before reviewing distinct modes of communication (recently reviewed by our group here104) 

1.5.1. Relevance of T cell collectivity in controlling T cell responses 

1.5.1.1 Sensing of Population Size during Immune responses 

Available evidence suggests that T cells may use mechanisms resembling so-called 

“quorum sensing” to regulate their population size. Quorum sensing is a type of cellular 

communication mediated by extracellular factors (so-called “autoinducers”) typically 

produced and detected by the same type of cells (Figure 18). The detection of autoinducers 

and the activation of downstream signalling pathways occurs upon reaching a sufficiently high 

autoinducer concentration within the local environment, which in turn requires a sufficiently 

high local cell population density of signal producers314. While many of these discoveries may 

be specific for the microbial world315, it is becoming increasingly evident that similar 

mechanisms may also be employed by immune cells to tune their responses316,317. 
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Figure 18. Quorum sensing. Bacteria use signalling molecules (so-called inducers) that are released into the environment 
to communicate with each other. The term “quorum sensing” describes the phenomenon through which signalling molecules 
enable a single cell to sense the number of bacteria in its environment (i.e., the local cell density) and to adjust its behaviour 
accordingly, helping to shape and maintain the response of the entire bacterial population [Created with BioRender.com]. 

 

The cytokine IL-2 has been suggested to function as an autoinducer-like molecule between 

T cells303,318. IL-2, discovered more than 30 years ago, acts as a potent stimulator of T cell 

growth319,320 and as an important regulator of T cell responses321,322. It is produced mainly by 

T cells323 and promotes the maintenance of Treg  cells and the differentiation of activating CD4+ 

T cells. For CD8+ T cells, IL-2 signals have been demonstrated to optimize both effector T cell 

generation and memory differentiation324,325. While not being an absolute requirement for T 

cell proliferation and expansion, it is evident that IL-2 has nevertheless a critical impact on 

the quality of the T cell response318,322. Strong IL-2 signals drive both CD4+ and CD8+ T cells 

towards a terminally differentiated state, while low IL-2 levels drive responding CD4+ T cells 

towards the TFH or TCM state and promote survival of long-lived memory CD8+ T cells325. 

Evidence of its potential quorum sensing-like functionality was provided by a few recent 

studies. A minimal number of IL-2 secreting effector CD4+ T cells is required in vitro to 

maintain critical levels of phosphorylated signal transducer and activator of transcription 5 
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(STAT5) in CD4+ T cell, which are necessary for T cell activation and subsequent expansion, 

alluding to a population density-dependent regulation326. Mathematical modelling327 

furthermore demonstrated that a group of T cells can compete for the same global pool of 

secreted IL-2 by tuning their ‘activation threshold’ (i.e., the IL-2 concentration at which cells 

can switch on proliferation-promoting genes).  

 

Figure 19. Quorum regulation via T cell expressed CD80/86. ICAM-1-mediated clustering enables CD8+ T cells to 
collectively regulate the balance between proliferation and apoptosis through nested antagonistic feedback circuits 
mediated by the receptors CD28 and CTLA-4 [Created with BioRender.com; adapted from Zenke et al. 2020328]. 

 

Similarly, antigen-specific CD8+ T cells have been observed to critically rely on autocrine IL-

2 production by neighbouring activating CD8+ T cells325,329. Recently, a paper by Zenke and 

colleagues328 revealed that nested antagonistic IL-2 and CD80/86-CTLA-4-mediated feedback 

mechanisms rely on local cell density as a “rheostat” to either promote or inhibit T cell 

expansion (Figure 19). These T cell population-intrinsic mechanisms are facilitated by ICAM-

1-mediated T cell clustering, which enables collective self-regulation of proliferation and 
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apoptosis during expansion. Well-controlled in vitro experiments have furthermore shown 

that IL-2 exerts seemingly paradoxical effects depending on its local concentration. Above a 

critical local population density of IL-2-secreting cells it mainly promotes cell death, while 

conversely driving cell proliferation if cell numbers are below this threshold concentration330, 

indicating again that the cell-specific effects of IL-2 may be cell density-dependent. 

Both IL-2 receptor and cytokine expression are controlled by several feedback 

mechanisms326. Under steady state, naïve CD4+ T cells do not express IL-2 and IL-2Rα (also 

known as CD25) at significant levels, but production of both proteins is strongly induced upon 

activation. As IL-2Rα levels remain low at the beginning of the immune response, and only 

increase around day 2 post priming, IL-2 can accumulate in the environment without 

immediately triggering cell signalling, which is another feature associated with autoinducer-

like signalling factors. Once the receptor levels reach a critical threshold, IL-2 signalling in CD4+ 

T cells is induced, leading to the activation of two successive feedback loops – a positive 

feedback loop driving further IL-2Rα expression and eventually a negative feedback loop 

inhibiting the production of more IL-2331. 

1.5.1.2 Regulation of T cell differentiation 

T collective behaviour is emerging as an underappreciated parameter controlling 

differentiation at the population level. Polonsky and co-workers332 have recently shown that 

the effector and memory differentiation of CD4+ T cells is regulated by local cell density, with 

increased cell density driving MPEC differentiation of activating CD4+ T cells (Figure 20). IL-2 

and IL-6 were identified as the main drivers of collective CD4+ T cell memory differentiation, 

with IL-2 regulating the proliferation rate and IL-6 promoting the survival of responding T cells. 

An additional regulatory role was attributed to the cell surface molecule SLAMF6.  
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Several groups investigated how homotypic clusters mediated through ICAM-1/Leukocyte 

function-associated antigen-1 (LFA-1) interactions shape the differentiation of T cells. In CD4+ 

T cells, LFA-1/ICAM-1 ligation in human T cells was reported to promote TH1 polarization333. 

T-T interactions have furthermore been shown to trigger CD4+ T cell activation, proliferation, 

and differentiation in vitro334, and to induce the generation of CD4+ T cells with a regulatory 

phenotype, which is characterised by the production of IL-4, IL-10 and TGF-β335. In CD8+ T 

cells, LFA-1/ICAM-1 dependent clustering promotes their expansion310,312,328. Mechanistically, 

cluster dependent-expansion has been associated with CTLA-4 and CD80 interactions, which 

mediate activation of the Hippo pathway, linking the magnitude of clonal expansion by 

activated cells to their commitment to terminal differentiation through the induction of 

Blimp1336. However, the precise effect of LFA-1/ICAM-1 interactions on CD8+ T cell 

differentiation and function remains unclear, as blocking CD8+ T cell clustering appears to 

increase effector differentiation and IFN-γ production in vitro and following Incomplete 

Freund Adjuvant (IFA)-OVA priming312, while causing a reduction in effector 

differentiation310,328 and IFN-γ production in vivo310. However, direct T-T cell interactions were 

also shown in vitro to enhance the functionality of T cells through amplification of cytokine 

and cytokine receptor expression337. 

Although the reason for these discrepancies remains to be further investigated, it is 

tempting to speculate that T cell cluster formation through LFA-1/ICAM-1 interactions 

constitute a platform where different signals are integrated to tailor the overall 

immunological output to the context-specific type of infection or injury. Notably, available 

evidence suggests that T cell contacts also occur between distinct T cell subsets. For instance, 

direct contacts between antigen-experienced CD8+ memory T cells and naïve CD8+ T cells 

during priming were shown to promote the accelerated differentiation of naïve cells into TEM 
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cells, at the expense of less differentiated stem cell memory and TCM cells338. These effects 

are mediated by contact-dependent nonapoptotic Fas-FasL interactions. The extent of 

accelerated naïve CD8+ T cell differentiation was dependent on the density of the two subsets, 

alluding once more to a quorum sensing-like regulatory mechanism. 

 

Figure 20. Current knowledge on T-T communication and associated functions. Following activation, T cells use a variety 
of communication channels to regulate their expansion and differentiation according to the injury. This results in a robust 
population response following infection, fine-tuned by T cell density [Created with BioRender.com]. 

 

 

1.5.2. Modes of communication between T cells 

1.5.2.1 Contact-based T cell-T cell communication 

An important feature of an effective immune response is the specific activation of 

appropriate responders and the subsequent directed targeting of an invading pathogen while 

sparing self, which necessitates the exclusion of bystanders. In many cases this is 

accomplished by the formation of adhesive interfaces between the surfaces of interacting 

immune cells, with a synaptic space in between them. The immunological synapse (IS) formed 

between T cells and APCs is the best studied example of such a structure (Figure 21A)339, but 

other types of immune synapses, such as T-T synapses, have also been described310,311. 

Immunological synapses between antigen-specific T cells and APCs are sites of signal 

initiation and integration for T cell activation and subsequent programming340–342, which is 
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characterised by the formation of a particular membrane structure, consisting of a central 

supramolecular activation cluster (cSMAC), surrounded by a peripheral supramolecular 

activation cluster (pSMAC). While the cSMAC consists mainly of clustering TCR, cross-

junctionally interacting with pMHC, the pSMAC is rich in adhesion molecules such as LFA-1, 

which serve to stabilise long-term cell-cell interactions. Several other molecules, such as CD2, 

CD4, CD8, CD28, Lck and Fyn have also been identified to predominantly cluster in this 

peripheral region343. Of note, the formation of this structure was later discovered to not be a 

universal feature of all types of IS, such as those formed between T cells and APCs344. 

Antigen-specific T cells also interact with themselves, forming clusters during priming in 

secondary lymphoid organs311,345–347. T cell clusters are a hallmark of efficient T cell activation 

in vitro, and are mediated by the activated form of LFA-1, which binds to its ligands 

intercellular adhesion molecules (ICAMs), with the ligation to ICAM-1 (also known as CD54) 

being the best studied example348–351. LFA-1, ICAM-1 and ICAM-3 are constitutively expressed 

in T cells, irrespective of their phenotype, and ICAM-1 expression is strongly upregulated upon 

T cell activation335,352,353. Before being able to bind its ligands, LFA-1 needs to transition from 

a closed to an active conformation, which is induced by TCR triggering. As a result, only primed 

T cells engage in T-T contacts348,352. Electron microscopy revealed that contacts between 

responding CD4+ T cells are organized in multifocal synapses311. Modest enrichment of CD86, 

MHC, TCR, CD4, and CD28 is found within the T-T synapse (Figure 21B), which contrasts the 

organization of the IS formed between T cells and APCs311.  
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Figure 21. Topology of the immunological synapse (IS) and T-T synapses. Comparison between the immunological 
synapse formed between an antigen-specific T cell and antigen-presenting cell (APC) (A) and the T-T cell synapse (B). While 
the T-APC immunological synapse is characterized by a high level of membrane organisation, the T-T synapse does not show 
a clear structural organisation. Cytokines are secreted at the centre of T-T synapses, but it is unclear if they diffuse into the 
cleft between the cells or are immediately taken up by receptors, which have been observed to be enriched at contact sites, 
but without being organised into distinct clusters [Created with BioRender.com]. 
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T-T interactions are quite dynamic, with dwell times of around 5−10 min and thus much 

shorter than the interaction times between T cells and APCs310. Despite their transient nature, 

these structures facilitate the directional sharing of the cytokines IL-2 and IFN-γ between 

interacting T cells310,311, thus providing a platform for concomitant signalling between 

different mediators. Evidence furthermore suggests that ICAM-1 and LFA-1 may not only 

function as adhesive structures, but also as co-stimulatory molecules at the T-T synapses354. 

This additional function was first highlighted by the observation that antibody-mediated 

ligation of ICAM-1 on human T cells has a costimulatory effect similar to anti-CD28 antibody-

mediated co-stimulation, through enhancement of CD3-mediated T cell activation355. Of note, 

while LFA-1 is believed to be the primary adhesion molecule mediating T-T interactions, other 

adhesion molecules, such as members of the SLAM family, have also been implicated in T cell 

clustering356. While the precise role of T-T synapses awaits further experimental 

interrogation, it is intriguing to hypothesise that these transient interactions create critical 

platforms of integration for a diverse mix of signals shared exclusively between T cells. 

Another contact-mediated mode of communication between T cells which is not restricted 

to immediately adjacent cells is created through the formation of so-called “tunnelling 

nanotubes” (TNTs)357,358. These structures, consisting of long thin F-actin-based membranous 

channels, which can connect distant cells, have been described in numerous cell types 

including almost all immune cells359. While having been shown to enable the transfer of both 

soluble signals and cargo such as mitochondria or other organelles, it proved to date difficult 

to clearly elucidate the functional significance of these structures during an immune 

response, especially in vivo.  Nevertheless, while many open questions remain, TNTs open up 

interesting possibilities for intercellular communication, by facilitating the sharing of a wide 

range of different biological material between cells357. 



 73 

1.5.2.2 Long-range T cell-T cell communication 

T cells produce and secrete soluble factors into the local environment, which enables them 

to translate and coordinate local interactions into tissue-wide global behaviour. 

Communication over long distances enables a population of immune cells to coordinate their 

individual behaviours and tune the global response towards an optimal outcome for the 

whole system. Cytokine penetration in tissues is dependent on the density of local cytokine 

consumers, which contributes to non-genetic cell-to-cell variability by creating variable 

cytokine niches in the reactive microenvironment360. The current dogma posits that cytokine 

penetration occurs when high cytokine levels overwhelm the consumption capabilities of 

local consumers and thus lead to systemic diffusion throughout the tissue. One of the best 

studied cytokines involved in T-T communication is IL-2, but multiple other inflammatory 

cytokines are also shared between T cells, including IFN-γ310 (reviewed in more detail in 

Chapter 1.5.3), interleukin-4 (IL-4)361,362, IL-6363–365, Transforming growth factor β (TGF-

β)366,367 and interleukin-10 (IL-10)368 (recently reviewed by our group here104).  

T cells furthermore rely on chemokines for long-range communication. Chemokines are 

chemotactic cytokines orchestrating the migration and positioning of immune cells and are 

thus involved in diverse immune cell processes, such as fate determination or cell 

activation369. Activated CD4+ T cells clustering around DCs in vivo cause CD8+ T cell 

accumulation through CCL3/CCL4-CCR5 binding, which enhances CD8+ T cell/DC contact 

formation370, highlighting the crucial role of chemokines in allowing activating T cells to find 

each other and create a niche for themselves that serves as a platform for subsequent T-T 

communication. While this mechanism relies on another cellular intermediate, it is 

conceivable that T cells also directly attract each other via chemokines, given that they have 

been shown to upregulate multiple chemokine/chemokine receptor pairs upon activation328.  
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Immune cells are also known to communicate through the secretion of extracellular 

vesicles, in particular endosomally derived exosomes357. Exosomes can carry a number of 

different molecules, which makes them ideal conduits for the intercellular transfer of 

information. The transfer of genetic information in secreted exosomes such as messenger 

RNA (mRNA) and microRNA (miRNA) suggests that exosomes are also utilized to regulate the 

protein expression of target cells371–373. Exosome secretion by T cells has been discovered by 

a number of studies to be involved in the regulation of T cell responses374–376. However, most 

of the studies investigating exosome transfer between immune cells have been performed in 

vitro and the biological significance in vivo awaits further experimental elucidation. 

1.5.3. T cell-T cell communication through the cytokine interferon-gamma 

A recent computational analysis of publicly available datasets to pinpoint possible 

receptor/ligand pairs involved in early T-T communication, conducted by the group of Jan 

Rohr328, identified the IFN-γ/IFN-γ receptor (IFN-γR) pair as their top cytokine hit. Earlier 

studies have already shown that CD8+ T cells secrete IFN-γ shortly after having been 

primed377, which was suggested to fulfil an important role in regulating the CD8+ T cell 

response133,378. Multiple studies have furthermore implicated IFN-γ to be required for 

productive effector and memory CD8+ T cell differentiation133,378, with some suggesting its 

involvement in direct T-T communication210,211,310,379. While the precise function of IFN-γ on 

CD8+ T cells remains controversial210,211,379, the available evidence to date suggests that IFN-γ 

may be an important mediator of T cell collectivity.  

1.5.3.1 The structure of interferon-gamma 

IFN-γ is a major component in immunological cell signalling and a critical regulatory protein 

for overall immune system function, which was first discovered in 1965, when leukocytes 
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were observed to secrete an antiviral molecule in response to phytohemagglutinin that was 

different to the previously described type I interferons380 (although the name IFN-γ was 

formally only introduced in 1980). IFN-γ is a pleiotropic cytokine produced by all major 

immune cell types and capable of eliciting diverse responses in both immune and non-

immune cells. In the course of numerous infections, IFN-γ appears as a key cytokine produced 

by all subsets of T and NK lymphocytes and is often essential for effective protection381–383. 

Its pleiotropic functions on the immune system will be reviewed in more detail in Chapter 

3.1.1. 

The protein structure of IFN-γ comprises mainly of α-helices, with two molecules of IFN-γ 

forming a dimer in an antiparallel manner through non-covalent bonds384. The functional IFN-

γ homodimer is immediately secreted and can be detected extracellularly as early as 6 hours 

after TCR activation, and its level typically peaks at 12-24 hours385. Notably, secreted mouse 

IFN-γ was shown to persist in the blood for much longer (0.94 hour) than other cytokines such 

as IL-2 (0.2 hour)386,387, which is thought to be due to the expression of IFN-γR by platelets, 

which may bind IFN-γ to facilitate systemic transport388. 

1.5.3.2 Interferon-gamma receptor signalling 

All these distinct and diverse responses are facilitated by the same signalling machinery 

driving expression of target genes via a conserved Janus kinas (JAK)/signal transducer and 

activator of transcription 1 (STAT1) axis, which is triggered upon binding of IFN-γ to the IFN-γ 

receptor (Figure 22). The IFN-γ receptor is composed of two ligand-binding IFN-γR1 chains 

associated with two signal-transducing IFN-γR2 chains, which are responsible for connecting 

the cytoplasmic transduction machinery, thus forming a tetramer complex to which the 

homodimer IFN-γ binds. The IFN-γ receptor lacks intrinsic kinase activity and requires the 



 76 

adaptors JAK1 and JAK2 and the transcription factor STAT1 to mediate downstream 

signalling389. IFN-γ binding and receptor association triggers JAK2 autophosphorylation, 

transphosphorylation and activation, which uncovers docking sites for SH2 domain-

containing signal transducers390, leading to STAT1 recruitment. Phosphorylation of STAT1 by 

JAK1/2 causes its translocation into the nucleus to bind GAS elements as a homodimer which 

leads to subsequent expression of target genes391,392. 

 

Figure 22. Interferon-gamma (IFN-γ) receptor. IFN-γ receptor (IFNGR) consists of IFN-γR1 (α-subunit) and IFN-γR2 (β-
subunit)389. IFN-γR1 is constitutively expressed by all nucleated cells at 200-25.000 molecules per cell, with its expression 
reaching its highest measured levels in non-lymphoid tissues such as the skin, nerves, placenta and syncytiotrophoblasts, 
alluding to a role for IFN-γ in embryonic development, tissue homeostasis and tolerance393. IFN-γR1 mRNA expression levels 
by immune cells vary, with monocytes expressing the highest levels, followed by B cells, NK cells and lastly T cells394,395. In 
contrast, the inducible expression of IFN-γR2 by transcription factor SP1, activating protein 2 (AP-2) and nuclear factor κB 
(NF-κB) allows regulation of IFN-γ-induced signalling396. IFN-γR1 has a major role in ligand binding, whereas IFN-γR2 has a 
predominant role in signalling via Janus kinases (JAKs) and signal transducers and activators of transcription (STATs), albeit 
both receptor subunits are required397. Interestingly, only IFNGR1 has a nuclear localisation signal for translocation with 
STAT1385,398 [Created with BioRender.com]. 

 

The Ifngr1 and Ifngr2 genes are localised on chromosome 6 and 21, respectively, and their 

expression differs significantly. While IFN-γR1 is constitutively expressed at moderate levels 

on the surface of almost all cells, IFN-γR2 is constitutively expressed at low levels, and its 

expression is tightly regulated, according to the state of cellular differentiation or 

activation399. Thus, IFN-γ appears to regulate the expression of its own receptor on specific 
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cell types, representing a regulatory mechanism of cellular desensitization in response to 

cytokines present in the local microenvironment. 

 

Figure 23. Interferon-gamma (IFN-γ) canonical signalling pathway. IFN-γ acts on its receptor to induce rapid and 
transient JAK-STAT signalling and interferon-stimulated gene induction. Initiated by the binding of IFN-γ, IFN-γR1 and IFN-
γR2 oligomerize and transphosphorylate, activating Janus activated kinase (JAK) 1 and JAK2. These, in turn, phosphorylate 
IFN-γR1, creating a docking site for the signal transducer and activator of transcription (STAT) 1. Phosphorylated STAT1 
homodimerizes in an antiparallel configuration, forming a complex gamma-activated factor (GAF), which translocates to the 
nucleus and binds to gamma-activated site (GAS), located at the promoters of primary response genes, increasing their 
transcription. Upon induction, transcription factor interferon-regulatory factor 1 (IRF1) binds to interferon-stimulated 
response element (ISRE) and enhances the transcription of several secondary response genes responsible for several 
immunomodulatory functions. Suppressor of cytokine signalling (SOCS) proteins negatively regulate the IFN-γ pathway by 
inhibiting JAKs and STAT2 phosphorylation. Through dephosphorylation and deacetylation, the configuration of STAT1 
homodimers reverts to parallel, triggering their exit from the nucleus [Created with BioRender.com; adapted from Castro et 
al. 2018400]. 

 

IFN-γ signalling (Figure 23) has conventionally been defined as a cascade of tyrosine 

phosphorylation events, which results in the initiation of interferon-stimulated gene (ISG) 

transcription. JAKs activation induces phosphorylation of tyrosine residues in the IFN-γR 

complex cytoplasmic domain, creating recruitment and binding sites for STAT1401. Each 

molecule of the STAT1-STAT1 antiparallel homodimer is phosphorylated at Tyr701 by JAK1 

and/or JAK2, resulting in immediate receptors dissociation. Maximum transcriptional activity 
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requires additional STAT1 phosphorylation at Ser727 via a PI3K- and AKT-dependent 

mechanism. Tyrosine phosphorylation of STAT1 by JAK promotes the formation of STAT1 

homodimer complexes, known as gamma-activated factors (GAFs), which translocate to the 

nucleus and regulate gene expression through binding to gamma-activated site (GAS) 

elements in the promoters of interferon-stimulated genes (ISGs)402. In addition to inducing 

STAT1 dimers that bind GAS elements and can cooperate with IFN-γ-induced interferon 

regulatory factors (IRFs), IFN-γ can also activate non-canonical transcriptional complexes that 

are similar to the interferon-stimulated gene factor 3 (ISGF3) complexes induced by type I 

interferons in that they contain IRF9 and bind to interferon-stimulated response elements 

(ISREs). 

Studies of Stat1-knockout (KO) cells have also revealed STAT1-STAT1-independent IFN-γ 

signalling via STAT3 (non-canonical IFNGR signalling)403,404. STAT3 and STAT1 are structurally 

similar and compete for binding to the phosphorylated Tyr419 of IFNGR. However, STAT1 was 

shown to display higher affinity for Tyr419405. STAT3 forms either a homodimer or a 

heterodimer with STAT1, which regulates GAS3 and GAS2, respectively. As IL-6 and IL-10 both 

signal via STAT3, the expression of cytokine receptors dictates which signalling pathway 

dominates385,406. 

One of the major primary response genes induced by STAT1 signalling is the transcription 

factor interferon-regulatory factor 1 (IRF1), a member of the IFN regulatory transcription 

factor family407. IRF1 functions as a transcription activator of ISRE sites, leading to the 

transcription of multiple secondary response genes382. The transcriptional potency of STAT1 

is furthermore modulated by post-translational modifications, most notably phosphorylation 

of the transcription activation domain382,408.  
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1.5.3.3 Regulation of interferon-gamma receptor signalling 

JAK-STAT signalling pathways are amongst the most central signalling pathways in effector 

T cell differentiation and in the survival and homeostasis of memory CD8+ T cells. The STAT 

family in mammals comprises seven members (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B 

and STAT6), which are mainly known for their functions as transcription factors, although non-

nuclear STAT functions have also been described409–411. Although most JAK-STAT-associated 

cytokine receptors function through a dominant STAT protein, multiple STATs can be 

activated downstream of a single receptor. Understanding how different cytokines regulate 

gene expression in effector CD8+ T cells through distinct and cooperative mechanisms is thus 

often challenging. For example, STAT1 phosphorylation is known to not only reflect the 

magnitude of the IFN-γ response, as its phosphorylation may also be triggered by other 

cytokines, such as IL-21, IL-27 and IL-35400. 

The JAK/STAT signalling pathway is regulated at several levels by positive and negative 

mechanisms. One of the most important negative regulators of this pathway is the suppressor 

of cytokine signalling (SOCS) proteins, which expression is increased in response to IFN-γ 

signalling through IRF1412,413. SOCS proteins are an important set of inhibitors that refine the 

quality and quantity of JAK-STAT signalling in T cells414. SOCS blocks the activity of JAKs by a 

negative feedback loop, but also modulates the downstream signalling of other cytokines. 

SOCS proteins can directly bind to phosphorylated tyrosine residues of activated JAKs, 

inhibiting both the recruitment of signal transducer adaptors, such as STATs, and JAK 

activity412. In addition, SOCS can trigger ubiquitination and proteasome degradation of 

JAK/STAT signalling components415,416. SOCS1 can even prevent Treg cells from producing IFN-

γ via STAT1 suppression, preventing their conversion into effector cells417. 
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Alternatively, the transcriptional activity of STAT1 can also be positively regulated by other 

signalling cascades triggered by IFN-γ binding, such as the mitogen-activated protein kinase 

(MAPK) pathway, protein kinase C, and PI3K/AKT, which induce STAT1 phosphorylation in its 

transactivation domain418. Adding to the complexity, IFN-γ has also been shown to be capable 

of activating STAT1-independent pathways through other transcription factors, namely 

STAT3419, STAT5420, NF-κB421, and AP-1422.  

In summary, given its complex signalling networks and the ability to cooperate with other 

signalling pathways, it is not surprising that IFN-γ exerts highly diverse context-dependent 

functions on immune cells, which helps to explain why different studies attributed opposing 

effects to the function of IFN-γ on CD8+ T cells. However, it is intriguing to hypothesise, that 

the pleiotropic nature of IFN-γ may also provide an ideal means for CD8+ T cells to self-

regulate their response collectively according to the specific context they find themselves in.  

  



 81 

1.6. Thesis hypothesis and objectives 

The most effective CD8+ T cell responses to intracellular pathogens comprise a breadth of 

distinct T cell clones (clonal diversity), a diversity of effector T cell types (poly-functionality) 

and long-lived memory cells. Despite a remarkable degree of plasticity and functional 

heterogeneity in their individual response, the overall T cell response to infection is 

reproducible and robust. This implies a coordinated response on a global level to facilitate 

pathogen control whilst simultaneously maintaining self-tolerance. Much research has 

focused on individual T cell activation and differentiation, but how the stochastic individual 

responses of T cells are integrated into a collective response remains to be further 

investigated. Coordination on a system-wide level necessitates a critical level of intercellular 

communication and recent research has highlighted the importance of activating T cell-T cell 

(T-T) crosstalk in regulating the ensuing T cell response. Previous studies demonstrated that 

those direct T-T interactions create an ideal conduit for targeted cytokine sharing and may 

thus serve an important role in the collective regulation of T cell responses. 

Cytokines are critical mediators in immune cell communication and the cytokine IFN-γ is a 

major component in immunological cell signalling and a critical regulatory protein for overall 

immune system function, including the control of T cell response behaviour. While its function 

in the effector phase of the CD8+ T cell response is well-studied, its role during the priming 

phase, when activating CD8+ T cells receive a mix of signals guiding their subsequent 

expansion and fate commitment, is much less well established. We hypothesised that IFN-γ-

mediated T-T communication during the early phase of the response plays a critical role in 

regulating the ensuing CD8+ T cell response and that IFN-γ may serve as a critical modulator 

in enabling T cells to tune their response to the specific infection context.  
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To test this, we aimed to address the following objectives in chapters 3-5, respectively: 

 

3)  Establish models to study the direct effect of IFN-γ on CD8+ T cells and investigate its 

functional role in regulating CD8+ T cell responses to infection 

4)  Assess the cellular source of IFN-γ, its involvement in direct T-T communication and 

the temporal context of IFN-γ signalling in activating CD8+ T cells 

5)  Characterize in detail IFN-γ-secreting CD8+ T cell subsets and determine the stimuli that 

trigger IFN-γ expression in a specific subset of CD8+ T cells 

 

The results presented in this thesis suggest that IFN-γ modulates CD8+ T cell response 

behaviour on multiple levels, both by shaping the expansion and functional avidity of the 

response. Mechanistically, IFN-γ communication is required to occur within a specific 

temporal context to successfully skew responding T cell behaviour. Moreover, productive IFN-

γ signalling is dependent on CD8+ T cells communicating directly with each other. IFN-γ 

expression during the priming phase is furthermore restricted to a specific CD8+ T cell 

subpopulation, so-called virtual memory CD8+ T cells. Overall, this thesis demonstrates a 

novel autoregulatory role of IFN-γ and virtual memory T cells in controlling CD8+ T cell 

responses to infection. 
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Figure 24. Graphical presentation of the central hypothesis of the thesis. CD8+ T cell activation results in the formation 
of multicellular clusters around antigen-presenting cells (APCs) and the expression of multiple cytokines, such as IFN-γ. 
Robust and efficient CD8+ T cell responses require coordination of individual T cell behaviours and fine-tuning of the quality 
and quantity of the ensuing response to the specific inflammatory context. We hypothesis that IFN-γ-mediated T cell-T cell 
communication may be ideally suited to fulfil this autoregulatory role [Created with BioRender.com]. 
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2. Materials and Methods 

2.1. Animals 

CD8a-CreGFP (JAX stock no.: 008766), IFN-γR floxed (JAX stock no.: 025394), IFN-γ-GREATYFP 

(JAX stock no.: 017580), P14 (JAX stock no.: 004694), Nur77-GFP (JAX stock no.: 018974), CD8a 

KO (JAX stock no.: 002665) and OT-I (JAX stock no.: 003831) were purchased from Jackson 

Laboratory (https://www.jax.org). 5-weeks-old wild-type C57BL/6J males were purchased 

from Charles River, UK (JAX stock number: 000664) and housed for 1-2 weeks prior to 

experimental start. To generate CD8 IFN-γR KO mice CD8a-CreGFP mice were crossed with IFN-

γR floxed mice, which were subsequently crossed to Rosa26-tdTomato mice (kind gift from 

the group of Tal Arnon). Mice were bred, fed and housed under specific pathogen-free (SPF) 

conditions in in the Biological Services Unit at the Kennedy Institute of Rheumatology, 

University of Oxford. All experiments involving mice were conducted in agreement with the 

United Kingdom Animal (Scientific Procedures) Act of 1986 and performed in accordance to 

approved experimental procedures by the Home Office and the Local Ethics Reviews 

Committee (University of Oxford) under UK project license (PPL P4BEAEBB5).  

2.2. Generation of mixed bone marrow chimeric mice 

Recipient mice were irradiated with 4.25 Gy per cycle for two irradiation cycles, 4 hours 

apart. Bone marrow from IFN-γ KO, CD8a KO or C57BL/6J mice were prepared from femur 

and tibia. Cells were counted using a haemocytometer and diluted to a concentration of 1.25 

x106 cells/mL in PBS. Cell suspension was filtered through a 40 μM strainer shortly prior to 

intravenous injection of 100 μL (equivalent to 1.25 x105 cells/mouse). Mice were kept for two-

week post-transplantation on antibiotics (Enroflocaxin) in drinking water to avoid infection.  
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2.3. Genotyping  

Ear clips were lysed in 75 μL lysis buffer (50 mM NaOH and 0.5 M EDTA in ddH2O) lysis 

solution for 30 min at 95°C. Lysis was quenched by adding 75 μL neutralisation buffer (Tris-

HCl in ddH2O). Polymerase chain reaction (PCR) was performed for each individual transgene 

in 20 μL reactions using my-TaqTM Red Mix (Bioline, #BIO-25044). All primers were used at a 

concentration of 100 μM.  

Volume [μL] CD8a-Cre IFN-γRf/f 

Per primer (100 μM) 1 1 

2x MyTaq RedMix 10 10 

RNase/DNase-free water 2 2 

DNA sample 4 4 

Table 1. Reaction mix used for genotyping by Polymerase chain reaction 

Primer sequences: 

CD8a-Cre:  CAA TGG AAG GAA GTC GTG GT 

   TGG GAT TTA CAG GGC ATA CTG 

   CAC ACA TGC AAG TCT AAA TCA GG 

IFN-γRf/f  TTG TTT GAT CCA TTC TTT AAA TTG 

   GCT TCT TTG AAG GGC TGG A 

Cycling conditions: 

Step CD8a-Cre IFN-γRf/f 

1 94 94 

2 94 94 

3 65 65 

4 68 68 

5 Repeat steps 2-4 for 10 cycles Repeat steps 2-4 for 10 cycles 

6 94 94 
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7 60 60 

8 72 72 

9 Repeat steps 6-8 for 28 cycles Repeat steps 6-8 for 28 cycles 

10 72 72 

11 Hold Hold 

Table 2. Cycling conditions used for genotyping by Polymerase chain reaction 

PCR products were separated on a 2 % agarose (Invitrogen, #16500-500) gel, prepared 

from TAE buffer (40 mM Tris-Acetate, 1mM EDTA) with SYPR® Safe DNA Stain (Invitrogen, 

#S33102, dilution 1:10.000), and were run at 120 V for 25 minutes until separated. Bands 

were visualised via G-Box (Syngene). 

2.1. Treatment of mice 

For indicated experiments, mice received a single intraperitoneal (i.p.) injection 16-24 

hours post infection of 75 μg of isotype matched control antibody (rat IgG1, BioXCell, 

#BE0088) or anti-Interferon-gamma (BioXCell, clone: XMG1.2). 

2.2. Infections 

Mice were given an intravenous (i.v.) injection of 20*103 colony-forming units (cfu) of 

Listeria monocytogenes (LM) expressing either a secreted form of OVA (LM-OVA) or one of 

the cognate peptides (LM-N4, LM-V4, LM-T4 or LM-gp33). LM strains were provided by 

Dietmar Zehn (TU Munich). Frozen down LM aliquots were expanded in Brain Heart Infusion 

(BHI) broth (Sigma, #53286-100G) and LM suspensions were plated on BHI agar plates (Sigma, 

#70138-500G). Aliquots were frozen down at -80°C in freezing media (20% Glycerol [Fisher 

Scientific, #BP229-1] in BHI broth). Splenocytes were subsequently isolated from spleens of 

infected mice at the indicated time points for further analysis.  
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2.3. Isolation of CD8+ T cells 

CD8+ T cells were isolated through negative separation from lymph nodes and spleens of 

6- to 12-week-old naïve mice, using the MojoSortTM CD8+ T cell isolation kit (Biolegend, 

#480008). Harvested organs were meshed in isolation buffer (1x PBS (Gibco, #20012-068) 

supplemented with 2% FCS (Sigma, #F9665-500ML) and 10 mM EDTA (Santa Cruz, #sc-

286969) through a 70 μM strainer to collect the single cell suspension in a 50 mL falcon tube, 

which was counted and resuspended to obtain a final concentration of 108 cells/mL. 

Resuspended cells were then sequentially mixed and incubated with Biotin-Antibody cocktail 

and nanobeads for 15 minutes on ice, with each being added to reach 10-fold dilution. 

Following incubation, 2.5 mL isolation buffer was added to the mixture, which was then 

transferred to collection tubes for placement in MojoSortTM magnets (Biolegend, #480019) 

for 5 minutes at room temperature. The liquid containing CD8+ T cells was collected in a 15 

mL falcon tube and was resuspended in complete RPMI (RPMI 1640 [Gibco, #21870-076] 

supplemented with 2% FCS and 100x Penicillin-Streptomycin [Gibco, #10378-016]) to reach a 

concentration of 106/mL for seeding. 

2.1. Isolation of splenocytes 

Spleens were harvested from mice at indicated time points and collected in 3 mL PBS in 6-

well plates on ice. Spleens were then mashed in 1x PBS and filtered through 70 μM filter paper 

for the collection of the splenocyte suspension in a 15 mL falcon tube. The splenocytes were 

resuspended in 3 mL red lysis buffer (155 mM NH4Cl, 12 mM NaHCO3 and 0.1 mM EDTA in 

ddH2O) and incubated on ice for 5 minutes, before being washed with 1x PBS twice and 

counted using the CASY® cell counter (OMNI Life Science). 
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2.1. Adoptive naïve T cell transfer 

CD8+ T cells (2-3*106 cells or 500.000 cells for 24 hours or d7-10 experiments, respectively), 

isolated as described above, were transferred into recipient, gender-matched mice by i.v. 

injection. Mice were infected 16-24 hours later. Depending on the time point of analysis, 

splenocytes were subsequently isolated from spleens of adoptively transferred animals either 

24 hours or 7-10 days post-infection for downstream processing of isolated cells. Adoptively 

transferred CD8+ T cells were distinguished from host splenocytes by staining for congenic 

markers (CD45.1+ and/or CD45.2+). Efficiency of adoptively transferred cell recovery was 

estimated to average 80-90%.  

2.2. In vitro T cell stimulation assay 

For in vitro re-stimulation experiments, cells were activated at low density either with 

cognate peptide or phorbol 12-myristate 13-acetate (PMA) (2 ng/mL) and ionomycin (20 

ng/mL). For in vitro stimulation experiments, 96-well U-bottom plates were seeded with 

isolated CD8+ T cells resuspended in complete RPMI, at a concentration of 105/well and either 

stimulated with bone marrow-derived dendritic cells (BMDCs) loaded with cognate peptides 

at 10 ng/mL or antibodies. Peptides were either purchased (SIINFEKL, Sigma, #S7951) or 

kindly provided by Dietmar Zehn (TU Munich).  

For experimental conditions including TCR stimulation, wells were pre-coated with anti-

CD3ε (Biolegend, #145-2C11) prepared in PBS at 1 μg/mL for 2-3 hours at 37°C before being 

emptied for seeding. For ICAM-1 stimulation, wells were pre-coated with 5 μg/mL ICAM-1 

(Biolegend, #553006) for 2-3 hours at 37°C before being emptied for seeding. Following 

coating with anti-CD3ε and/or ICAM-1, cytokine preparations were added to the wells 
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according to the specified experimental conditions, which included different combinations of 

IL-12 (Biolegend, #577004), IL-18 (Biolegend, #767004), IL-15 (Biolegend, #566302), TNF 

(PeproTech, #315-01A-20uG), IL-33 (Biolegend, #580504), IFN-α (Biolegend, #752804), IFN-β 

(Biolegend, #581304), IL-2 (Biolegend, #575404), IL-1β (Biolegend, #575102), and IL-7 

(PreproTech, #217-17). For co-stimulation, 1 μg/mL anti-CD28 (Biolegend, #37.51) was also 

added to wells pre-coated with anti-CD3ε. The cells were incubated overnight under the 

specified conditions at 37°C in 5% CO2 before being subjected to staining and flow cytometry 

analysis.  

2.3. In vivo cytotoxicity assay 

Isolated and washed splenocytes were resuspended in complete RPMI and divided into 

two 15 mL falcon tubes, each having 1 mL splenocyte suspension. OVA peptide SIINFEKL (N4) 

was added to one splenocyte suspension to a final concentration of 10 μg/mL (peptide-loaded 

fraction). Both the peptide-treated and untreated splenocyte suspensions were incubated at 

37°C for 30 minutes and shaken half-way. The cells in both tubes were counted and 

resuspended to obtain 1 mL suspensions containing 10*106 cells. For the initial experiment, 

peptide-loaded and non-loaded splenocyte suspensions were stained with CFSE prepared in 

1x PBS at 5 μM and 0.5 μM, respectively, for 25 minutes at room temperature in darkness. In 

the optimized protocol, the peptide-loaded and non-loaded cell suspensions were incubated 

with 1 μM eFluor 670 and 2 μM CFSE in 1x PBS, respectively. The splenocyte suspensions were 

mixed with their respective dye solutions at a 1:1 ratio. The dye-stained cell suspensions were 

centrifuged and resuspended in 1x PBS, before being mixed at a 1:1 ratio for injection into 

LM-OVA-infected recipient mice, as well as a naïve mouse used for control. Splenocytes were 

isolated from the spleens of infected and naïve mice 24 hours following injection, and 
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cytotoxic killing by OVA-specific CD8+ T cells was assessed through flow cytometry analysis. 

The degree of cytotoxicity is given as the percentage of target cell lysis relative to the naive 

mouse, calculated by the following formula: 100-100*(Rinfected/Rnaïve), where the R values are 

equal to the % peptide-loaded population/% non-loaded population ratios in the infected and 

naive mice (the formula was adapted from here423).  

2.4. Flow Cytometry 

Single-cell suspensions obtained from spleen or cultured CD8+ T cells were used for flow 

cytometry analysis. Single cell suspensions were stained in V-bottom 96-well plates in a total 

staining volume of 50 μL flow cytometry buffer (2% FCS, 2 mM EDTA, and 0.02% sodium azide 

in 1x PBS). First, live dead staining and surface staining was performed using Zombie NIR 

Fixable Viability Kit (Biolegend, #423106/423105), TruStain FcXTM (anti-mouse CD16/32, 

Biolegend, #101319) and fluorochrome-conjugated primary antibodies (Biolegend, Cell 

Signaling Technology or BD Biosciences), respectively. For experiments that included 

tetramer staining, cells were incubated with either Alexa Fluor 647- or BV421-conjugated, N4-

specific MHC I tetramers (obtained from the National Institutes of Health Tetramer Core 

Facility [Emory University, Atlanta]) diluted 1:500 in flow cytometry buffer for 30 minutes at 

room temperature, prior to surface staining. If not otherwise indicated, all cells were fixed 

either in 4% paraformaldehyde (PFA) for 10 minutes at room temperature or using 

eBioscienceTM Foxp3/Transcription Factor Staining Set (Invitrogen, #00-5523-00) for 30 

minutes at 4°C. Intracellular transcription factor staining was performed after fixation and 

permeabilization using fluorescently labelled primary antibodies. Intracellular cytokine 

staining was performed after 15 minutes fixation using BD Cytofix/CytopermTM 

Fixation/Permeabilisation Kit (BD Biosciences, #554714). If cells were counted by beads on 
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flow cytometer, 50.000 Polybead Polystyrene Black Dyed Microspheres were added per 

sample before sample acquisition (Polyscience, #24293). Bead compensation controls were 

prepared using UltraComp beads (eBioscience, #01-2222-42). Flow cytometry data were 

recorded on BD LSRII or FortessaX20 using DIVA software and analysed using FlowJoTM 

software (Tree Star). For staining of intracellular cytokines, cultured cells were treated with 7 

μg/mL brefeldin A (BFA, ChemCruz, #sc-200861A) 30 minutes post-stimulation and incubated 

for 4.5 hours at 37°C in 5% CO2 before further processing and animals were injected i.p. with 

250 μg BFA 6 hours before being culled at the indicated time after infection. Surface markers 

used for flow cytometry analysis included: anti-CD8 (Biolegend, clone: 53-6.7), anti-CD4 

(Biolegend, clone: RM4-5), anti-CD69 (Biolegend, clone: H1.2F3), anti-CD44 (Biolegend, clone: 

IM7), anti-CD49d (Biolegend, clone: R1-2), anti-NK1.1 (Biolegend, clone: PK137), anti-KLRGI 

(Biolegend, clone: 2F1/KLRF1). Antibodies used for intracellular cytokine staining included 

anti-IFN-gamma (Biolegend, clone: XMG1.2) and anti-TNF (Biolegend, clone: MP6-XT22).  

2.5. Fluorescence-Activated Cell Sorting (FACS) 

Isolated CD8+ T cells were stained and filtered through a 70 μM strainer before sorting 

commenced. Single-cell sorting was performed on FACS Aria (BD Biosciences). After doublet 

exclusion, isolated single cells were sorted into 5 mL FACS tubes containing 1 mL of collection 

media (20% FCS in 1x PBS). Sorted cells were stored on ice until further processing. 

2.6. Single-cell RNA sequencing 

Isolated CD8+ T cells were cryopreserved in cryopreservation media (20% FBS and 10% 

DMSO in RPMI) which were further processed by Single Cell Discoveries, Netherlands. In brief, 

frozen down samples were thawed and centrifuged at 150 rcf for 3 min before the 
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supernatant was removed and cells were resuspended in 1 mL thawing media (0.04% BSA in 

1x PBS). Resuspended cells were centrifuged again, supernatant discarded, and cells 

resuspended again in 1 mL thawing media, which was used for cell counting using a Countess 

II Automated Cell Counter or a haemocytometer to obtain a final cell concentration of 700-

1200 cells/uL. Samples were further processed in accordance with 10x Genomics single cell 

protocols. Single cell libraries were prepared using the Chromium 3ʹ v2 platform (10× 

Genomics, Pleasanton, CA) following the manufacturer’s protocol. In brief, single cells were 

encapsulated into gel beads in emulsions (GEMs) in the GemCode instrument followed by cell 

lysis and barcoded reverse transcription of RNA, amplification, shearing and 3ʹ adaptor and 

sample index attachment. Approximately, 5000 to 7000 cells were recovered. Libraries were 

sequenced on the Illumina NovaSeq 6000. Read mapping, alignment to GRCm38 and 

quantitation of sample count matrices was performed with the 10x Genomics Cell Ranger 

pipeline (v 4.0.0). Datasets were analysed using Seurat version 4.0.5 (Hao et al., 2021). 

Samples were merged on a single Seurat object. We filtered out cells having less than 600 and 

more than 5,000 detected genes, cells in which mitochondrial protein-coding genes 

represented more than 10% of UMI. Cells were then further filtered based on the expression 

of Cd2, Cd8a and Cd8b1. Samples were normalized with the scTransform function of Seurat 

and variation associated with mitochondrial and ribosomal UMI percentage were regressed 

out. Principal components were calculated using the top 3,000 variable features. These genes 

were used as input for principal component analysis (PCA), and significant PCs (n = 30) 

identified using Seurat (“JackStraw” test and “Elbowplot”). Clustering was performed with the 

Louvain algorithm (n = 30 PCs, resolution = 0.3). For differential expression analysis, 

NormalizeData and ScaleData were run on the RNA assay of the integrated data. Significant 

differentially expressed genes between clusters were identified using the “FindAllMarkers” 
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function, Wilcoxon test and selecting markers expressed in at least 25% of cells. Significant 

differentially expressed genes between stimulation within clusters were identified using the 

“FindMarkers” function, Wilcoxon test and selecting markers expressed in at least 25% of 

cells. Pathway analysis was performed with Fast gene set enrichment analysis (fgsea), using 

the Gene Ontology or the Reactome pathway repositories and with the r package gsfisher. 

2.7. Statistical Analysis 

One-way ANOVA was selected for pairwise comparisons across multiple experimental 

conditions and unpaired student’s t-tests was used to compare two conditions for statistical 

significance. Data were considered statistically significant when p < 0.05. Data are presented 

as mean ± SEM or ± SD. Statistical analysis was performed using GraphPad Prism 7 software. 

Ns=non-significant, *P < 0.05, **P < 0.001, ***P < 0.0002 and ****P < 0.0001.   



 94 

3. Modulation of CD8+ T cell responses to infection through the 

cytokine interferon-gamma 

3.1. Introduction 

This chapter will focus on the creation and validation of new experimental tools and their 

subsequent utilisation as in vivo models to study the effect of IFN-γ on mature CD8+ T cells. 

While much is known about the function of IFN-γ during the effector phase of the response, 

the direct modulatory function of IFN-γ on CD8+ T cells remains controversial and to a large 

extent unclear. In the following introduction, I highlight the current understanding of IFN-γ in 

shaping immune cell behaviour and the CD8+ T cell response, as well as strategies and 

experimental tools used to study CD8+ T cell behaviour in vivo. 

3.1.1. Interferon-gamma as a modulator of immune cell behaviour and CD8+ T cell 

responses 

IFN-γ modulates immune cell behaviour in a highly complex manner. Its pleiotropic nature 

and the fact that all nucleated cells are theoretically capable of responding to this cytokine 

signal complicates the dissection of its specific effect on CD8+ T cells considerably.  

It is well established that IFN-γ stimulates the expression of many different genes. Notable 

IFN-γ-regulated genes include: (1) genes encoding for proteins involved in antigen 

presentation such as MHC Class I molecules and the costimulatory molecules CD80 and CD86; 

(2) genes orchestrating cell proliferation such as Myc, Rb1 (encoding for Retinoblastoma-

associated protein), as well as Cdkn1a and Cdkn1b (encoding for the Cyclin-dependent kinase 

inhibitor 1A or 1B, respectively); (3) genes involved in apoptotic processes such as Fas and 
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Fasl; (4) immunosuppressive genes encoding for Cd274 (Programmed cell death 1 ligand 1 

[PD-L1]) and Pdcd1lg2 (PD-L2), as well as Ido1 (Indoleamine 2,3-dioxygenase 1, which 

catalyses the breakdown of tryptophan into kynurenines, resulting in T cell apoptosis 

induction via caspase 8 activation and mitochondrial cytochrome c release424); (5) genes 

involved in T cell effector functions such as Tbx21 (encoding for the transcription factor T-

bet), Serpinb9 (encoding for Serpin B9, which inactivates granzyme B) and Itk (encoding for 

the IL-2 inducible T cell kinase involved in T cell activation and TH2 differentiation); (6) 

migration-related genes such as Cxcr3, Cxcl9, Cxcl20, Cxcl11, Ccl2, Ccl5 and Icam1; and (7) 

genes encoding additional transcription factors such as Irf1 (Interferon regulatory factor 1), 

Bcl6 (B cell lymphoma 6), Nfkb1 (NF-κB), Creb1 (cAMP-responsive element-binding protein 1), 

Jun (Activator protein 1 subunit JUN) and Fos (Cellular Oncogene FOS)385,425,426.  

Of particular relevance in the context of studying CD8+ T cell responses is the effect IFN-γ 

has on MHC class I expression and the induction of chemokine receptor and integrin 

expression427,428. Before focusing on the function IFN-γ exerts specifically on CD8+ T cell 

responses, insights about the immunomodulatory role of IFN-γ gained from studying a variety 

of other immune cells will be briefly summarised. 

3.1.1.1 CD4+ T cells 

Well-established is the role of IFN-γ in inducing TH1-immune-response-related genes and 

robust TH1 cell polarization via a positive feedback loop maintaining T-bet expression through 

STAT1-mediated signalling (Figure 25)429–432. STAT-1-dependent upregulation of T-bet433 in 

turn induces IL-12R expression, and IL-12 can then signal in a STAT4-dependent manner to 

further increase T-bet and IFN-γ expression434. In addition, IFN-γ-secreting TH1 cells increase 

their resistance for the apoptosis-inducing effect of IFN-γ signalling by decreasing Ifngr2 
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expression following differentiation. By contrast, T helper 2 (TH2) cells that do not produce 

IFN-γ express higher levels of the IFN-γR2 subunit, rendering them particularly susceptible to 

the inhibitory effects of IFN-γ435–437. However, IFN-γR2 downregulation may also be induced 

in TH2 cells when they are exposed to IFN-γ436. Thus, IFN-γ appears to modulate its functional 

outcome through cellular desensitization by regulating the expression of its own receptor on 

specific cell types in response to its local microenvironment presence. As a result, IFN-γR2 

expression can be a limiting factor in IFN-γ responsiveness that can modulate the subsequent 

immune response mediated through the downstream signalling components and help to 

dictate the ensuing functional outcome, such as the TH1–TH2 phenotype switch400. 

Additionally, IFN-γ prevents TH2 polarization via SOCS1 and T-bet, which inhibit Interleukin-4 

receptor (IL-4R) signalling and GATA3 expression and function, respectively438,439.  

T helper 17 (TH17) cell polarization is also actively repressed and TH1 cell commitment 

reinforced via T-bet and inhibition of RUNX1440. It was also discovered that upon TCR 

stimulation in CD4+ TH cell precursors, IFN-γR1 becomes localised at the immunological 

synapse along with STAT1, which primes the cells to rapidly mediate TH1 cell signalling upon 

TCR triggering. This co-recruitment process is inhibited by IL-4R expression in TH2 cells. 

Notably, it was shown that IFN-γR2 is ultimately downregulated in TH1 cells, which indicates 

that the continuation of the TH2/TH17 cell antagonism may be reinforced by T-bet, rather than 

STAT1385. IFN-γ furthermore promotes apoptosis via downregulation of Bcl-2 expression, 

upregulation of FAS and FASL, and creation of a detrimental oxidative environment441–443. Of 

note, in models of autoimmune disease and bacterial infection, Treg cells have been reported 

to adopt a TH-like (T-bet+IFN-γ+) effector phenotype to better suppress the appropriate 

effector responses444, but how IFN-γ precisely regulates Treg cells remains unclear385. 
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Figure 25. T helper cell (TH) polarization through interferon-gamma (IFN-γ). CD4+ T cells can polarize into different cell 
subtypes in response to distinct cytokines. IFN-γR signalling promotes TH1 differentiation through signal transducer and 
activator of transcription proteins 1 (STAT1)-mediated signalling, which furthermore prevents TH2 polarization through 
suppressor of cytokine signalling 1 (SOCS1) and T-bet induction that inhibit interleukin-4 receptor (IL-4R) signalling and 
GATA3 expression and function, respectively [Created with BioRender.com]. 

 

3.1.1.2 Natural killer cells and dendritic cells 

IFN-γ is an important effector cytokine secreted by natural killer (NK) cells, and additionally 

thought to also promote the maturation and activation of NK cells through STAT1445. 

A key immune function of IFN-γ is the induced expression of MHC I and II molecules by 

APCs, such as DCs, macrophages and B cells446. MHC II upregulation is mediated through the 

binding of STAT1 and IRF1 to promoter IV of the MHC class II transactivator (CIITA) that is the 

non-DNA-binding master regulator of MHC class II transcription447, while MHC I expression is 

induced via IRF1 binding to the promoter NLRC5, which is an important transcriptional 

regulator of MHC class I448. IFN-γ furthermore drives expression of the co-stimulatory 
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molecules CD80 and CD86 by APCs, which promote T cell activation via CD28 engagement, 

and thus counteracts immunosuppression via competitive binding of CTLA4 to CD28449. 

In addition, IFN-γ also promotes DC differentiation into conventional type I DCs (cDC1s) 

through induced expression of CD80, CD86, MHC class I, CD40, CD54 and CC-chemokine 

receptor 7 (CCR7), and the production of IL-1β and IL-12, which promote TH1 cell 

differentiation and CD8+ T cell activation450. DCs also respond to IFN-γ by expressing IDO1, 

which promotes immunosuppression through metabolic disruption451. IDO1 catalyses the 

breakdown of tryptophan into kynurenines, which leads to the induction of TGF-β secretion 

in DCs, which then promotes Treg cell differentiation and immunosuppression452. 

3.1.1.3 B cells and macrophages 

In the context of B cell immunity, IFN-γ has been shown to induce, in combination with B 

cell receptor and CD40, activating signals and expression of the germinal centre master 

transcription factor B cell lymphoma 6 (Bcl-6). Hence, IFN-γ was suggested to be required for 

spontaneous development of germinal centres and T follicular helper cells453 and also works 

in concert with IL-12 to promote antibody class switching from IgM to IgG2a, thus generating 

higher-affinity and specialised antibodies454. 

IFN-γ was initially named “macrophage activation factor”, alluding to its role in driving 

classical activation of macrophages. IFN-γ signalling primes macrophages for activation by 

Toll-like receptor (TLR)-induced inflammatory responses, which drives macrophages towards 

a proinflammatory phenotype via the downregulation of microRNA (miR)-3473b, which 

suppresses polarization towards an anti-inflammatory phenotype455,456. In addition, IFN-γ also 

promotes inducible nitric oxide synthase (iNOS) expression in myeloid cells, which catabolizes 

the essential amino acid L-arginine to the free radical nitric oxide (NO).  
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3.1.1.4 CD8+ T cells 

IFN-γ is an important effector cytokine produced by cytotoxic T lymphocytes99,457 and is 

known to be critically involved in cell-mediated clearance of infected cells457. IFN-γ is known 

to promote apoptosis via TNF-related apoptosis-inducing ligand (TRAIL), expression of which 

is enhanced by IFN-γ-induced IRF1458. 

In addition to its role as a crucial effector cytokine, IFN-γ has also been shown to modulate 

CD8+ T cell behaviour and differentiation in manifold ways. Pro-inflammatory cytokines are 

generally thought to intensify antigen-specific T cell expansion and to promote terminal 

differentiation and a shortened lifespan of affected CD8+ T cells99. However, the exact 

function of IFN-γ on CD8+ T cell expansion and differentiation remains highly controversial 

due to several contrasting findings, with some studies reporting that IFN-γ signalling 

promotes expansion of activating CD8+ T cells211,379 while others demonstrated a limiting 

impact on expansion133. Similar diverging findings have been reported for the effect of IFN-γ 

on CD8+ memory differentiation210,378.  

IFN-γ has furthermore been implicated in the regulation of the contraction phase of CTL 

responses via FAS-FASL-mediated and Bim-mediated apoptosis, both of which are induced by 

STAT1 signalling459. High levels of IFN-γ during expansion have also been shown to limit the 

size of the memory population by inhibiting or downregulating IL-7Rα expression, thus likely 

reducing signalling by the prosurvival cytokine IL-7127,460,461. The precise mechanism by which 

IFN-γ regulates IL-7Rα expression remains elusive, but some evidence indicates the AKT-

FOXO1 pathway to be involved462,463. Of note, overexpression of Ifngr2 on CTLs did not affect 

their development or proliferation but limited their cytotoxic activity in response to antigenic 

stimulation by an unknown mechanism464.  
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Besides its effect on CD8+ T cell expansion and differentiation, IFN-γ has also been 

implicated in regulating the immunodominance, and thus the clonality of the CD8+ T cell 

response, against LM- and LCMV-derived antigenic peptides133,465,466, which was speculated 

to be potentially due to differences in antigen processing and epitope generation67, 

incomplete pathogen clearance210, or, alternatively, due to a selective advantage of fast-onset 

antigen-specific T cells, with the rapidity of IFN-γ production suggested to be a major criterion 

determining the cell’s survival and future expansion466.  

Lastly, IFN-γ has also been reported to upregulate the expression of PD-L1 and/or PD-L2 

on many cell types and it was suggested that owing to the expression of both PD1 and PDL1 

by T cells, self-inhibition may possibly occur in trans467. Lastly, IFN-γ is also critically involved 

in the orchestration of immune cell migration and is known to promote the recruitment of 

immune cells through transcriptional regulation of several chemokines, such as CXCL9, 

CXCL10 and CXCL11, and their cognate receptor CXCR3 on T cells, NK cells, monocytes and 

DCs468. 

Considering the pleiotropic functions of IFN-γ on several distinct immune cell subtypes, it 

is also important to highlight that only a few of the aforementioned studies investigated the 

direct effect of IFN-γ on CD8+ T cells211,378,379,460,461, while the remaining studies relied on 

either full IFN-γ knock-out models or experimental conditions that did not induce IFN-γ 

production122,127,133,459,469,470. Notably, even the studies that investigated the direct effect of 

IFN-γ on CD8+ T cells reported disparate findings, with some showing that direct IFN-γ is 

dispensable for the regulation of CD8+ T cell expansion, contraction and memory 

formation378,461, while others demonstrated a clear positive effect on CD8+ T cell 

expansion210,211, and a direct involvement in the regulation of activated CD8+ T survival and 

contraction460, as well as memory formation460.  
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Given that the degree of IFN-γ induction and the specific cytokine pattern, in general, are 

pathogen-dependent129, it is reasonable to assume that the relative impact of direct and 

indirect IFN-γ effects on CD8+ T cell response quantity and quality vary between experimental 

systems. The pleotropic and diverging effects of IFN-γ on CD8+ T cells and other immune cells 

thus make it clear that the specific context in which CD8+ T cells sense IFN-γ is critical in 

understanding and determining the specific signalling outcome of this cytokine on CD8+ T 

cells. It is also important to highlight that most studies discussed so far used transgenic, 

monoclonal T cell populations to investigate the direct function of IFN-γ on CD8+ T cells, 

leaving the functional contribution of this cytokine on the endogenous CD8+ T cell response 

mainly unelucidated.  

The temporal context of this cytokine signalling event in CD8+ T cells also remains largely 

unexplored. The responsiveness of CD8+ T cells to IFN-γ is dynamically regulated. Naïve cells 

are responsive to IFN-γ during the priming phase of the response and downregulates IFN-γR2 

shortly after stimulation, which likely renders them unresponsive to IFN-γ for a certain 

period207. During this early time window in which the fate of CD8+ T cells has yet to be 

established, IFN-γ may exert its modularly function on the CD8+ T cell response and thus 

regulate CD8+ T cell behaviour. The homotypic T-T synapses formed between activating CD8+ 

T cells during the priming of the response have been shown to heighten the local sensitivities 

to cytokine-mediated signalling310,311, which suggests that receiving IFN-γ signalling during 

this early phase of the response may have a particularly influential modulatory effect. In 

addition, activated IFN-γ+ CTLs have been reported to not express IFN-γR2 in vitro and display 

no upregulation of IFN-γ-inducible genes in response to IFN-γ464, a mechanism which 

counteracts IFN-γ-induced apoptosis. Due to the reported decline in cytokine sensitivity 

within 24 hours after initial antigen encounter207, it was suggested that CD8+ T are required 
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to either receive IFN-γ early in the response or much later on, during the contraction phase, 

when they regain partial responsiveness to IFN-γ. However, the temporal context of direct 

IFN-γ signalling in CD8+ T cells has not been thoroughly investigated by the aforementioned 

studies and it thus remains unclear when CD8+ T cells need to sense this particular cytokine 

stimulus. 

 

Figure 26. Effects of interferon-gamma (IFN-γ) on distinct immune cell subtypes. (A) IFN-γ has general effects on various 
immune cells, such as promoting antigen presentation. (B) Additionally, IFN-γ exerts specific effects on distinct immune cell 
populations, such as promoting class-switching in B cells. It is also important to highlight, that the effects of IFN-γ are highly 
context-dependent and can differ under homeostatic or disease conditions [Created with BioRender.com]. 

 

3.1.2. Context and aim of this chapter 

Whilst the role of IFN-γ during the effector phase of CD8+ T cells responses is well-

described99,457, the regulatory function of IFN-γ on activating naïve CD8+ T cells remains 

largely elusive. The aim of this chapter was (1) to create and validate an appropriate 

experimental model to study the specific effect of IFN-γ on CD8+ T cells, (2) to investigate the 

immunomodulatory function of IFN-γ on the poly-clonality and poly-functionality of CD8+ T 

responses to infection and (3) to study the effect of IFN-γ on the CD8+ T cell memory 

compartment.   
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3.2. Results 

3.2.1. Establishment and validation of a constitutive CD8+ T cell-specific interferon-

gamma receptor knock-out mouse model  

We sought to establish an animal model, which allows us to investigate the specific effect 

of IFN-γ on CD8+ T cells by targeted deletion of IFNγ-R1. Ensuring specific deletion in the CD8+ 

T cell compartment, while avoiding undesired off-target effects during T cell development in 

the thymus, required the use of a Cre recombinase system that is driven by a promoter 

sequence only active in peripheral CD8+ T cells. We identified the E8I-Cre system (CD8a-Cre) 

reported by Maekawe and colleagues as the most suitable one for our purpose471. The full E8I 

transgene comprises the 1.6-kilobase core of the E8I enhancer fragment, inserted in front of 

the Cd8a promoter, as well as the Cre-encoding cDNA that also includes an internal ribosomal 

entry site (IRES)-GFP-poly(A) cassette, which was introduced after the Cd8a promoter 

sequence. Importantly, Cre activity for this system has only been reported in CD8α+CD8β+ αβ 

T cells and CD8αα+CD8β- αβ T cells but not in CD4+ CD8α-CD8β- αβ T cells471. We crossed this 

transgenic strain with IFN-γR1flox/flox (IFN-γR KO) mice, to obtain a knock-out mouse model 

(Figure 27), in which the IFN-γ receptor is specifically deleted in CD8+ T cells (CD8 IFN-γR KO). 

Cre activity in the EAI-Cre system was supposed to be indicated by concomitant green 

fluorescent protein (GFP) expression. However, in the mice we received from Jackson 

Laboratory we were unable to detect any GFP signal (data not shown).  
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Figure 27. Generation of CD8a-Cre IFN-γR1flox/flox mouse model. Crossing of CD8a-CreGFP (E8I) mice with IFN-γR1flox/flox 

mice generated a knock-out (KO) mouse model, in which the IFN-γR1 is specifically deleted in CD8+ T cells [Created with 
BioRender.com]. 

 

To study the leakiness and specificity of the recombinase system in vivo, we next crossed 

the CD8 IFN-γR KO mouse with Rosa26-tdTomato reporter mice. In Rosa26-tdTomato mice, 

Cre-mediated excisional recombination leads to permanent expression of the red fluorescent 

protein tdTomato from the constitutively active Rosa26 promoter472, and thus facilitates 

detection of cells productively expressing Cre recombinase. This system also allowed us to 

focus in our subsequent studies on Cre-expressing CD8+ T cells, as we realised by RNA-

sequencing that Cre expression in the CD8+ T cell compartment is not fully penetrant (data 

not shown). Focusing on the tdTomato+ CD8+ T cell population enabled us to circumvent this 

problem. 

To validate the specificity of IFN-γR1 deletion in our CD8 IFN-γR KO mouse model we 

isolated spleens and lymph nodes of infected mice at d7-10 post-infection (p.i.) and analysed 

IFN-γR1 expression in different immune cell subtypes by flow cytometry (Figure 28A and B).  
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Figure 28. Characterization of the CD8a-Cre IFN-γR1flox/flox mouse model. (A) CD8 IFN-γR KO (KO) and CD8a-Cre (WT) 
mice were infected with LM-OVA and splenocytes were isolated at the peak the response (d7-10). Cell-specific deletion was 
assessed either by flow cytometry analysis of IFN-γR1 expression or measurement of tdTomato expression. (B) 
Representative dot plots of gating strategy for immune cell types. (C, D) Representative histograms (C) and quantification 
(D) of IFN-γR1 expression in different immune cell types. (E, F) Representative dot plots (E) and quantification (F) of relative 
expression of tdTomato in different immune cell types. Data are representative of 2 (n = 3 x 3 technical replicates) 
independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using the two-
tailed unpaired Student’s test. *P < 0.05; NS, not significant. 
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As shown in Figure 28D, only CD8+ T cell populations displayed effective receptor deletion. 

Once the Rosa26-tdTomato strain of our KO mouse model was successfully generated, CD8+-

specific deletion of IFN-γR1 was furthermore validated by flow cytometry analysis of 

tdTomato expression (Figure 28E and F). Overall, our data demonstrate the successful 

creation of a CD8+-specific IFN-γR1 KO mouse model. In addition, we did not observe any off-

target expression in other immune cell types, both by flow cytometry analysis of IFN-γR1 

expression and tdTomato expression. 

3.2.2. Loss of interferon-gamma receptor 1 in CD8+ T cells results in a skewing of the 

functional avidity of the antigen-specific CD8+ T cell repertoire 

If not otherwise indicated, the CD8 IFN-γR KO mouse model (hereafter simply referred to 

as KO mice) was used in all subsequent experiments of this chapter, with CD8a-Cre Rosa26-

tdTomato mice used as corresponding controls (hereafter simply referred to as wild-type 

(WT) mice). To investigate the specific function of IFN-γ on CD8+ T cell responses in the context 

of infection, KO and WT mice were infected with LM-OVA. Splenocytes were subsequently 

isolated at the peak of the response (d7-10 p.i.) for further analysis (Figure 29A). We focused 

on the antigen-specific CD8+ T cell population by tetramer staining (SIINFEKL (N4) in the 

context of H-2Kb [N4-MHC-I]) (Figure 29B) and evaluated both the expansion and 

differentiation of effector CD8+ T cells. Notably, we observed a significant shift in tetramer 

binding towards higher mean-fluorescence intensity (MFI) in the KO population compared 

with the WT population (Figure 29C, F and G). As reported previously260, changes in tetramer 

binding may reflect differences in the clonality of the responding CD8+ T cell repertoire, or 

alternatively, may be caused by differential TCR expression. However, KO and WT CD8+ T cells 

did not differ in their expression levels of TCR and CD3 (Figure 29H and I). We furthermore 
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confirmed that KO and WT cells did not get differentially activated during priming by 

measuring expression of the activation marker CD69 24 hours post-infection (Figure 29J). 

Additionally, we also measured a significantly higher relative frequency of antigen-specific 

(tetramer+) CD8+ T cells in KO as compared to WT mice (Figure 29D), and a trend towards 

higher absolute cell numbers (Figure 29E), suggesting that IFN-γ limits the expansion of 

responding CD8+ T cells. Those findings were also recapitulated on the monoclonal level, by 

investigating the effect of IFN-γ deletion on the expansion of adoptively transferred WT OT-I 

and IFN-γR-/- OT-I cells following LM-OVA expression. We found that the number of IFN-γR-/- 

OT-I cells at the peak of the effector response was up to 20-fold higher than that of their WT 

counterpart (Figure 29K), indicating again that direct IFN-γ signalling restricts CD8+ T cell 

expansion.  
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Figure 29. Loss of interferon-gamma receptor 1 (IFN-γR1) signalling in CD8+ T cells skews the antigen-specific T cell 
receptor (TCR) repertoire towards increased expansion and higher average tetramer binding. (A) CD8a-Cre IFN-γR1flox/flox 
Rosa26-tdTomato (KO) and CD8a-Cre Rosa26-tdTomato (WT) mice were infected with LM-OVA and splenocytes were 
isolated at the peak the response (d7-10) and stained for flow cytometry analysis. Polybead Polystyrene Black Dyed 
Microspheres were added to all samples for quantification purposes. (B) Representative dot plots of gating strategy. (C, D, 
E, F, G) Representative histograms (C) of tetramer binding of KO (red) and WT (grey) CD8+ T cells and quantification (D, E) of 
tetramer-binding geometric mean fluorescence intensity (MFI) and relative abundance (F) and absolute numbers (G) of 
tetramer+ CD8+ T cells. (H, I) Quantification of TCR Vβ5.1,5.2 (H) and CD3 (I) expression. (J) KO and WT were infected with 
LM-OVA and CD69 expression was assessed 24 hours post-infection by flow cytometry. (K) OT-I (WT) or OT-I IFN-γR1-/- (KO) 
CD8+ T were adoptively transferred into C57BL/6J host mice, which were infected with LM-OVA and OT-I cell numbers were 
evaluated at the peak of the response by flow cytometry. Data are representative of 10 (B, C, D, n = 3 x 3 technical replicates) 
or are pooled from 10 independent experiments (E, F, G, H, I). Error bars indicate the mean ± s.d. Tetramer-binding gMFI of 
KO samples was normalised to mean WT expression within each independent experiment. Comparison between groups was 
calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 
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To further examine whether variations in the functional avidity of the T cell repertoire 

caused the measured differences in tetramer binding, we performed in vitro peptide 

titrations on splenocytes isolated at the peak of the response. Isolated splenocytes were 

stimulated with different concentration of the SIINFEKL (N4) peptide for 5 hours prior to 

analysis of IFN-γ and TNF expression by flow cytometry (Figure 30A). IFN-γ responses of WT 

and KO were similar in magnitude upon restimulation with an optimal peptide dose (Figure 

30B and E), but there was a significant difference in EC50 of maximum IFN-γ secretion between 

OVA-specific KO and WT CD8+ T cells (Figure 30C and D), indicating a higher average avidity 

of the KO CD8+ T cell repertoire. TNF expression displayed a similar pattern (data not shown). 

Altogether, we concluded that IFN-γ modulates the clonal repertoire of the responding CD8+ 

T cell population, decreasing the overall antigen avidity of the epitope-specific CD8+ T cell 

population. One could imagine different mechanisms of how IFN-γ may regulate the avidity 

(and clonality) of CD8+ T cell responses. IFN-γ could either modulate the clonal recruitment 

into the response, or, alternatively, contribute to the preferential selection and expansion of 

specific clones. To answer this question, we sorted KO and WT tetramer+ CD8+ T cells at day 

9 post-infection to characterize the responding T cell repertoire in more depth by single-cell 

RNA and TCR sequencing. Unfortunately, the analysis of the generated data was at the time 

of writing this thesis still pending and can therefore not be further discussed. 
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Figure 30. Absence of interferon-gamma receptor 1 (IFN-γR1) signalling skews the endogenous CD8+ TCR repertoire 
towards higher functional avidity. (A) CD8a-Cre IFN-γR1flox/flox Rosa26-tdTomato (KO) or CD8a-Cre Rosa26-tdTomato (WT) 
mice were infected with LM-OVA and splenocytes were isolated at the peak of the response (d7-10) and re-stimulated with 
OVA257-264 peptide (SIINFEKL [N4]) to quantify IFN-γ expression. (B, C, D) Representative dot plots of cytokine staining (B) and 
analysis (C) of relative IFN-γ expression and quantification (D) of EC50. (E) Quantification of maximum IFN-γ expression at the 
optimal peptide concentration. Data are representative of 3 (C, D, E, n = 5 x 3 technical replicates) independent experiments. 
Error bars indicate the mean ± s.e.m. Comparison of relative IFN-γ expression and EC50 between groups (C, D) was calculated 
by fitting a 3-parameter fixed-slope Hill function and confirming good fit by the R square function and visual inspection before 
performing a F-test to compare the model parameters. Comparison of maximum IFN-γ expression between groups (E) was 
calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

 

3.2.3. Regulation of CD8+ T cell differentiation through direct interferon-gamma 

Following our observations that direct IFN-γ signalling regulates the expansion and avidity 

of the responding CD8+ T cell response, we next sought to investigate if IFN-γ signalling 

modulates the differentiation of effector CD8+ T cell cells. We again isolated splenocytes at 

the peak of the response and phenotyped effector CD8+ T by flow cytometry analysis of KLRG1 

and CD127 expression but did not detect any differences between WT and KO in terms of 

relative frequency and absolute numbers of terminally differentiated effector 

(KLRGIhiCD127low SLEC) and memory precursor (KLRGIlowCD127high MPEC) cells (Figure 31A, B, 
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C, D and E). However, when analysing tetramer binding of those two different effector 

subsets, a notable difference between KO and WT cells became apparent. While WT SLECs 

and MPECs did not differ in their average tetramer binding profiles, the SLEC compartment of 

KO CD8+ T cells displayed a significant shift towards higher average tetramer binding (Figure 

31F and G), indicating that IFN-γ may limit the expansion of high-avidity clones and may 

therefore regulate differentiation at the clonal level.  

Taken together, our data suggest that IFN-γ does not significantly impact the relative 

abundance of SLEC and MPEC subtypes at the endogenous population-wide level. However, 

given the observed differences in tetramer binding of KLRG1hiCD127low effector CD8+ T cells 

between the two experimental conditions, we concluded that a loss of direct IFN-γ signalling 

in CD8+ T cells causes a preferential selection of high-avidity clones into the terminally 

differentiated effector compartment, suggesting that IFN-γ may regulate effector 

differentiation at the clonal level. This would also explain why we observe significant 

differences in the expansion of IFN-γR-/- OT-I cells compared with WT OT-I, given that OT-I 

cells harbour a transgenic TCR of comparatively high-affinity for their cognate antigen. Based 

on these findings we hypothesise that, while the relative abundance of SLECs and MPECs 

appears to be largely unaffected by a loss of IFN-γ signalling in CD8+ T cells, the clonal 

composition may still be altered through IFN-γ. To explore if IFN-γ-mediated changes in the 

clonal composition of the CD8+ T cell repertoire at the peak of the response are translated 

into long-term changes in the resulting memory compartment, we next sought to study the 

memory response in more depth. 
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Figure 31. Regulation of endogenous CD8+ T cell differentiation through interferon-gamma (IFN-γ). CD8a-Cre IFN-
γR1flox/flox Rosa26-tdTomato (KO) and CD8a-Cre Rosa26-tdTomato (WT) mice were infected with LM-OVA and splenocytes 
were isolated at the peak of the response (d7-10) for flow cytometry analysis. (A, B, C, D, E) Representative flow plots (A) 
and quantification of relative abundance (B, C) and absolute numbers (D, E) of effector (KLRGIhiCD127low) or memory 
(KLRGIlowCD127hi) CD8+ T cells, respectively. (F, G, H) Representative histograms (F) and quantification of effector (G) and 
memory cell (H) tetramer-binding. Data are representative of 10 (F, G, H, n = 3 x 3 technical replicates) or are pooled from 
10 independent experiments (B, C, D, E). Error bars indicate the mean ± s.d. Comparison between groups was calculated 
using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

 

3.2.4. Effect of interferon-gamma on the CD8+ T cell memory compartment 

Our results obtained at the peak of the effector response to LM infection prompted us to 

investigate if the observed IFN-γ-mediated effect on KO MPECs translates into long-term 

changes of antigen-specific memory cells. At the peak of the response, we observed a 
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divergence in the tetramer binding profiles of MPEC and SLEC subpopulations in KO mice, 

with KO MPECs displaying lower average tetramer-binding whilst the tetramer binding of KO 

SLECs appeared skewed towards higher MFI. In contrast, the average tetramer binding 

profiles of WT MPECs and SLECs did not differ significantly. Based on these findings we 

hypothesised that the memory pool of WT and KO mice may display differential average 

functional avidity, which may affect their response to re-infection. We thus sought to 

investigate the function of direct IFN-γ signalling on the CD8+ T cell memory compartment, by 

infecting mice with LM-OVA and studying the memory compartment 60-90 days post-

infection by tetramer staining.  

Studying the antigen-specific memory population at day 60 post-infection requires 

enrichment of the tetramer+ CD8+ T cell population due to the expected low frequency of 

long-lived antigen-specific memory cells at that point in time (Figure 32A). Comparison of the 

memory populations of WT and KO mice at day 60 post-infection did not show differences in 

relative abundance (Figure 32B and C). However, we did observe a difference in the tetramer 

binding profiles of KO and WT memory cells, with KO memory CD8+ T cells displaying a 

decreased tetramer MFI (Figure 32D and E). This observation is in line with our hypothesis 

that loss of IFN-γ signalling in CD8+ T cells may modulate the clonal composition of MPECs 

towards lower average tetramer binding, plausibly indicating an average lower TCR avidity of 

the memory pool, while skewing the terminally differentiated effector population towards 

higher average tetramer binding.  
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Figure 32. Absence of interferon-gamma (IFN-γ) signalling in CD8+ T cells leads to an altered tetramer binding profile 
in the memory compartment. (A) CD8a-Cre IFN-γR1flox/flox Rosa26-tdTomato (KO) or CD8a-Cre Rosa26-tdTomato (WT) mice 
were infected with LM-OVA and splenocytes were isolated at day 60 post-infection and analysed by flow cytometry. (B, C, 
D) Representative dot plots of tetramer staining (B) and quantification of relative abundance (C) and mean fluorescence 
intensity (gMFI) of tetramer staining. (E) Tetramer-binding gMFI of KO samples was normalised to mean WT expression 
within each independent experiment. Data are representative of 3 (B, C, D, n = 3 x 3 technical replicates) or are pooled from 
3 (E, n = 3 x 2 technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups 
was calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

Enrichment for tetramer+ CD8+ T cells by positive selection allowed for efficient detection 

of the antigen-specific memory population. However, there is an associated risk that beads 

used for magnetic-activated cell sorting (MACS) remain bound to the tetramer, which could 

interfere with the subsequent detection and quantification of single-cell tetramer binding. 

Additionally, cells of lower avidity may be lost during the enrichment procedure, thus 

introducing an experimental bias. We therefore sought to optimise our experimental 

approach to not be dependent on prior enrichment and reasoned that re-challenging the mice 

with the same infectious dose as has been used for the primary infection should result in a 

rapidly expanding memory population at day 5 post-infection, which can then be analysed by 
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standard tetramer staining without the need for prior enrichment (Figure 33A). Upon re-

challenge we observed again a skewing in the KO repertoire towards lower average tetramer 

binding (Figure 33E and F), while there was no difference in relative abundance of KO and WT 

memory cells (Figure 33B and C). CD3 expression in KO and WT tetramer+ CD8+ T cells was 

again assessed in parallel to evaluate TCR expression, but no differences in MFI were observed 

(Figure 33F), indicating again that the differences in tetramer binding are not due to 

differential receptor expression. Altogether, we concluded from these experiments that IFN-

γ modulates the clonal composition of the CD8+ T cell repertoire at both the effector and 

memory stage of the CD8+ T cell response. We are currently in the process of confirming 

through in vitro re-stimulation assays if the changes in memory tetramer binding are again 

reflective of changes in functional avidity of the antigen-specific repertoire.  

 

Figure 33. Absence of interferon-gamma (IFN-γ) signalling in CD8+ T cells leads to an altered tetramer binding profile 
in the memory compartment. (A) CD8a-Cre IFN-γR1flox/flox Rosa26-tdTomato (KO) or CD8a-Cre Rosa26-tdTomato (WT) mice 
were infected with LM-OVA and re-challenged at day 60 post-infection. Splenocytes were isolated 5 days after re-challenge 
and analysed by flow cytometry. (B, C, D) Representative dot plots of tetramer staining (B) and quantification of relative 
abundance (C) and mean fluorescence intensity (gMFI) of tetramer staining. (E) Tetramer-binding gMFI of KO samples was 
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normalised to mean WT expression within each independent experiment. (F) Quantification of CD3 expression in CD8+T cells. 
Data are representative of 3 (B, C, D, n = 3 x 2 technical replicates) or are pooled from 3 (E, n = 3 x 3 technical replicates) 
independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using the two-
tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

 

3.2.5. Relevance of direct interferon-gamma signalling for the functionality of the CD8+ 

T cell response 

The observed skewing of the CD8+ T cell response at the peak of the response let us to 

hypothesise that IFN-γ may modulate the functionality of the responding T cell population. 

To evaluate the antigen-specific cytolytic capacity of endogenous CD8+ T cells, we 

implemented an in vivo assay, which involved the isolation of splenocytes from wildtype 

C57BL/6J (B6) mice carrying the congenic marker CD45.1. Isolated splenocytes were 

incubated with either OVA peptide ligand N4, or without peptide, and subsequently 

differentially labelled with either CSFE or eFluor670, respectively. Both differentially treated 

and labelled splenocytes populations were mixed and transferred into LM-OVA infected KO 

or WT mice on day 7 post-infection. The spleens of infected mice were harvested 24 hours 

post transfer and the cytolytic capacity of CD8+ T cells was quantified by calculating the ratio 

between peptide-loaded and non-loaded population, relative to a naïve control mouse, which 

had been transferred with the same splenocyte mixture (Figure 34A).  

Using this optimised in vivo assay and gating on the CD45.1+ live cell population, the 

numbers of CSFE- and eFluor670-labelled splenocytes were quantified. To account for 

variable numbers of antigen-specific CD8+ T cells within the infected mice, quantification of 

antigen-specific T cells by tetramer staining was performed, which was used to normalise the 

calculated cytotoxicity. However, no significant difference was observed following 

normalisation (Figure 34B, C and D), suggesting that direct IFN-γ signalling was not 



 117 

modulating the overall cytotoxic functionality of antigen-specific CD8+ T cells under the 

experimental conditions tested.  

As an additional surrogate marker to compare the cytolytic capacity of KO and WT mice, 

we also measured surface expression of lysosome-associated membrane protein-1 (LAMP-1, 

also known as CD107a) in effector CD8+ T cells following in vitro re-stimulation with cognate 

peptide. LAMP family member proteins are highly glycosylated membrane proteins 

representing approximately 50% of the proteins in the lysosomal membrane473,474. Cytotoxic 

granules share many characteristics with lysosomes, and their membranes have been 

revealed to be lined by LAMP-1475,476. LAMP-1 expression on the cell surface has been 

described as a marker of cytotoxic CD8+ T cell degranulation477 and functional LAMP-1 was 

discovered to be required for efficient NK-cell cytotoxicity and perforin delivery to lytic 

granules in NK cells478 and to furthermore protect NK cells from degranulation-associated 

damage479. While its precise function in CD8+ T cells remains to be further investigated, 

several studies have demonstrated its validity as a sensitive candidate marker for the 

evaluation of cytotoxic activity480,481.  

To measure LAMP1 expression, we isolated CD8+ T cells at the peak of the response and 

re-stimulated them in vitro for 5 hours with cognate peptide to induce degranulation and 

analysed LAMP-1 expression by flow cytometry. We did not detect significant differences 

between WT and KO mice (Figure 34E and F). We concluded that absence of direct IFN-γ 

signalling in CD8+ T cells did not critically affect degranulation efficiency in effector cells. 
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Figure 34. Absence of direct interferon-gamma (IFN-γR) signalling does not alter the cytotoxic potential of effector 
CD8+ T cells. (A) CD8a-Cre IFN-γR1flox/flox Rosa26-tdTomato (KO) or CD8a-Cre Rosa26-tdTomato (WT) mice were infected with 
LM-OVA and injected with differentially labelled mixtures of peptide-loaded or unloaded target splenocytes at day 7 post-
infection to assess in vivo cytotoxic functionality. (B, C, D) Representative dot plots of transferred target populations (B) and 
tetramer staining (C) and quantification (D) of normalised cytotoxicity. (E, F) Representative dot plots of LAMP-1 staining (E) 
and quantification (F) of LAMP-1 expression. Cytotoxicity and LAMP-1 expression was normalised to the relative abundance 
of tetramer+ CD8+ T cells within each independent experiment. Data are representative of 3 (B, C, D, n = 3 x 2 technical 
replicates) or are pooled from 5 (E, F, n = 3 x 3 technical replicates) independent experiments. Error bars indicate the mean 
± s.d. Comparison between groups was calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; 
***P<0.001; NS, not significant. 
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The infectious dose of LM-OVA used in previous experiments guaranteed efficient 

activation of CD8+ T cells, without risking lethal infection. Weight loss was used as an 

approximate measure for how efficiently mice cleared an ongoing infection, however, no 

significant changes in weight was observed at this sublethal dose of LM-OVA. 

 

Figure 35. Absence of interferon-gamma (IFN-γR) alters the protective capacity of CD8+ T cells against influenza 
infection. (A) CD8a-Cre IFN-γR1flox/flox Rosa26-tdTomato (KO) or CD8a-Cre Rosa26-tdTomato (WT) mice were infected with 
X31-OVA and weight was monitored every two days. (B) Quantification of relative weight loss in KO and WT mice. Data are 
representative of 2 (n = 5 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.e.m. 

 

We therefore decided to adopt an influenza virus infection model, which is known to be 

associated with significant changes in weight in the first days of infection. We infected WT 

and KO mice with the influenza strain X31 expressing OVA (X31-OVA) and measured the 

weight of infected mice every two days (Figure 35A). Notably, we measured reduced weight 

loss in KO mice compared to WT mice (Figure 35B). We concluded that the enhanced 

functional avidity observed in KO mice causes a more potent effector T cell response, helping 

mice to ward off infection more effectively. Follow-up studies to characterize the antigen-

specific CD8+ T cell repertoire of virally infected KO and WT mice in more depth are currently 

ongoing.  
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3.3. Discussion 

3.3.1. Efficient deletion of interferon-gamma receptor 1 in a CD8+-specific Cre mouse 

model 

As shown in this chapter, the KO mouse model generated in our group leads to an efficient 

and specific genetic abrogation of IFN-γR1 expression in CD8+ T cells (Figure 28). Cre 

recombination is one of the most widely used experimental tools to introduce targeted 

mutations in a cell-type specific and/or inducible manner. The usage of reporter alleles 

enables validation of cell and/or tissue specificity of successful Cre-mediated recombination 

at the single-cell level. However, one needs to be cautious using reporter expression as an 

approximation for productive target gene deletion and the fidelity of conditional Cre 

expression. The loxP-flanked STOP cassette of the reporter might differ in its sensitivity to 

Cre-mediated recombination to that of the loxP-flanked experimental target gene482. To 

address this issue, we confirmed recombination of the chosen target gene in various immune 

cell subtypes, both on the protein level by flow cytometry analysis and on the transcript level 

by bulk RNA-sequencing (data not shown). 

However, whilst offering many advantages, it is important to highlight that this system also 

comes with certain disadvantages, which could have potentially confounding effects on the 

observed phenotype. In our mouse model, Cre recombinase has been integrated into the 

endogenous gene locus, which comes with the risk of potentially impairing gene expression 

from at least one of the two alleles. The use of bacterial artificial chromosomes (BACs) 

containing a genetic locus engineered to express Cre allows to circumvent this potential 

problem. However, as previously reported, this approach does not necessarily guarantee the 

desired Cre expression pattern either482. In addition, introducing Cre into a cell can give rise 
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to so-called Cre toxicities, caused by off-target genome cuts at endogenous pseudo-loxP 

sequences, which can eventually lead to cell death482. The risk of introducing Cre toxicities 

can be minimised by either using self-deleting Cre expression vectors483 or employing systems 

of inducible Cre expression484. Both approaches come with their own disadvantages, such as 

decreased recombination efficiency482. As discussed previously by others482, the most crucial 

control to address the potential risk of introduced Cre toxicities may be the use of control 

mice, which carry the cre transgene but not its loxP-flanked target. Accordingly, we ensured 

to rely on CD8a-Cre mice as the most appropriate controls in our experiments. 

3.3.2. Ablation of interferon-gamma receptor signalling in CD8+ T cells enhances the 

expansion of effector CD8+ T cells 

In the aforementioned studies we used a twofold approach, investigating the function of 

IFN-γ at both the polyclonal, endogenous level and the monoclonal, transgenic level. Both 

approaches provided evidence that a loss of IFN-γ signalling results in augmented expansion 

of effector CD8+ T cells at the peak of the response against LM infection (Figure 29). Our 

results confirm previous studies that demonstrated a counter-regulatory effect of IFN-γ on 

CD8+ T cell expansion127,469. However, while previous reports suggested an indirect 

mechanism through the action of IFN-γ on suppressive CD11b+ cells469, our study highlights 

that IFN-γ has a cell-intrinsic function on CD8+ T cells. The discrepancies between models, 

where IFN-γ limits effector expansion in some models133,378, but not in all211,379, may be 

explained by the specific balance between the pro-inflammatory and anti-inflammatory 

properties of IFN-γ in a given context. Our studies investigated the mechanism underlying this 

cell-intrinsic function of IFN-γ on CD8+ T cells will be described in more detail in the next 

chapter.  
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3.3.3. Ablation of interferon-gamma signalling in CD8+ T cells alters the functional 

avidity of the responding T cell repertoire 

Comparison of the average tetramer binding profiles of antigen-specific WT and KO CD8+ 

T cells revealed a significant skewing towards higher tetramer MFIs in KO cells. The 

interpretation of these observed changes in tetramer binding is not straightforward and while 

having been used previously260 as a surrogate marker for the average avidity of the 

responding T cell population, it is per se not a readout for the avidity of T cells. Previous 

studies260 also often used the term “affinity” in association with tetramer binding studies. 

However, given that tetramer binding measures the binding of multivalent interactions, as 

opposed to monovalent interactions, it is important to emphasise that such binding more 

closely reflects the “avidity” of the T cells, rather than the intrinsic “affinity” of the TCR. 

TCR avidity is mainly defined by functional readouts such as cytokine production measured 

after antigen-specific stimulation or lysis of target cells pulsed with limiting concentrations of 

peptide (“functional avidity”), and the results of those assays can be influenced by many 

factors, including TCR expression levels, adhesion molecules or coreceptors, and changes in 

components of the signalling cascade485. “Structural avidity” on the other hand is defined by 

the affinity of the TCR to pMHC molecules combined with co-receptor binding via CD8 or CD4 

of surface-expressed TCRs and the most common technique to evaluate structural avidity is 

surface plasmon resonance (SPR), which comes with a number of challenges, most notably 

the need to provide pMHCs and TCRs in highly purified and correctly folded form. Alternative 

methods are based on pMHC multimer binding and dissociation249,486. However, pMHC 

multimer staining intensity does not necessarily correlate with TCR binding avidity485,487. 

Tetramer binding may result in receptor downregulation, a possibility we controlled for by 
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flow cytometry analysis of CD3 and/or TCR Vβ5.1, 5.2 expression. The fact that we did not 

observe differences in CD3 and/or TCR expression, together with our results on the functional 

level assessing cytokine production after re-stimulation with cognate antigen (Figure 30), led 

us to conclude that IFN-γ modulates the functional avidity of the responding CD8+ T cell 

population. We have also sent tetramer+ CD8+ T cells isolated at the peak of the response for 

single-cell TCR-sequencing, which will allow us to definitively answer if the changes in 

functional avidity are associated with changes in the clonal composition and clonal breadth 

of the TCR repertoire. Of note, tetramer enrichment experiments performed on the naïve 

repertoire of WT and KO splenocytes did not show any differences in tetramer MFI and CD3 

expression (data not shown), indicating that the functional avidity of the naïve T cell 

repertoire is not altered by the absence of IFN-γR1 on mature peripheral CD8+ T cells. 

In addition, we also measured the expansion and tetramer binding MFIs of responding 

CD8+ T cell populations specific for either the low-affinity OVA-peptide variant V4 or the LM-

specific listeriolysin O antigen (LLO92-99). However, in both cases only a very small tetramer+ 

population was observable, which made it very difficult to analyse and compare the two 

experimental conditions (data not shown). As our V4 and LLO92-99 tetramer aliquots have been 

quite old by the time we performed these experiments, it is possible that the suboptimal 

binding may be caused by the fact that the tetramers were already partly denatured, and we 

are planning on repeating these experiments once we received new aliquots.  

Of note, the group of Dirk Busch also developed an alternative tetramer binding assay 

based on reversible multimers, so-called Streptamers485, which enables measuring the 

dissociation kinetics of monomeric pMHCs from TCRs on living T cells, both by imaging and 

flow cytometry488. We collaborated with his laboratory to evaluate and compare the 

structural avidity of KO and WT effector CD8+ T cells using their “TCR-ligand koff-rate assay”, 
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and despite preliminary promising results (Figure 36), we were unable to complete these 

studies in time to still be fully included in this thesis. 

 

Figure 36. Flow Cytometry-based TCR-ligand koff-rate assay. Splenocytes isolated at the peak of the response (d7-10) 
were stained with reversible multimers (comprising Steptactin-Atto488 and SIINFEKL-H2Kb-APC) for flow cytometry analysis. 
2 mM D-biotin was added 30 seconds after start of acquisition and dissociation was observed for 10 minutes. Samples were 
gated on living CD3+ CD8+ lymphocytes and dissociation of Steptactin-Atto488 and MHC-APC from these cells were measured. 
Fluorescence values of Atto488 and APC staining of living cells are plotted over time of analysis. (A, B) Dissociation kinetics 
of CD8a-Cre Rosa26-tdTomato (WT) (A) and CD8a-Cre IFN-γR1flox/flox Rosa26-tdTomato (KO) (B) effector T cells. While WT 
mice displayed more rapid dissociation kinetics, KO mice exhibited an overall lower dissociation rate, indicative of longer 
TCR-pMHC binding half-lives and thus the presence of TCRs with higher affinity for antigen. Data were generated and 
provided by Elvira D’Ippolito based on protocols published by the group of Dirk Busch488. 

 

3.3.4. Ablation of interferon-gamma receptor signalling in CD8+ T cells alters the 

differentiation of the responding T cell population at the clonal level 

We next studied the effect of direct IFN-γ signalling on the differentiation of CD8+ T cells. 

It is important to highlight that T cell differentiation is a highly complex and dynamic process 

and dissecting the contribution of one specific cytokine to this process on the endogenous 

level is complicated by the fact that loss of one particular cytokine may potentially be 

compensated or partially masked by the contribution of other cytokines. At the population 

level we did not observe differences in the expansion of SLEC and MPEC subsets between KO 
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and WT. However, focusing on the tetramer binding of these two subpopulations, we noted 

a significant skewing in terminally differentiated effector cells of KO mice towards higher 

tetramer MFIs, suggesting that IFN-γ may regulate differentiation at the clonal level (Figure 

31). Our group has furthermore explored the function of IFN-γ on a monoclonal population 

of CD8+ T cells, using adoptively transferred OT-I cells. These studies, which have already been 

published489, showed clearly that IFN-γ regulates the balance between terminally 

differentiated effector and memory precursor CD8+ T cells by limiting effector differentiation. 

It is known that the TCR of OT-I T cells exhibits notably high-affinity for its cognate 

antigen63,490, whereas most antigen-specific T cells at the poly-clonal level will likely be of 

lower affinity286,491,492. Taken together, it is thus conceivable that IFN-γ acts to preferentially 

limit the effector differentiation of very high-affinity clones. 

The observed differences in tetramer binding of effector and memory CD8+ T cells between 

WT and KO prompted us to investigate if those changes translate into long-term differences 

of the resulting memory compartments. Investigating the memory CD8+ T cell repertoire 

comes with certain challenges but using two different experimental approaches we 

demonstrated that changes in tetramer binding that are measurable at the peak of the 

response are indeed translated into differences in the resulting memory pool. The functional 

relevance of these modifications in the context of secondary infection remains to be further 

investigated. Of note, so far, we did not investigate if IFN-γ also affects the differentiation of 

memory cells into different memory subsets. 
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3.3.5. The functional significance of interferon-gamma as a regulator of the cytolytic 

capacity of the responding CD8+ T cell population  

Given the changes in functional avidity of the effector CD8+ T cell repertoire, we 

hypothesised that the loss of IFN-γ may also cause enhanced cytotoxicity of effector cells. 

While we did not detect significant differences in the cytotoxic potential of KO and WT 

effector cells in our optimised assay (Figure 34), it is conceivable that this was, at least partly, 

due to the sensitivity of our assay, given that complete killing was observed in both the WT 

and KO condition. We are currently aiming to optimise the assay further by injecting a higher 

number of peptide-loaded splenocytes or, alternatively, loading the target cells with a 

different peptide of lower affinity for the TCR of OVA-specific T cells, such as SIITFEKL (T4).  

In addition, the comparison of cytolytic capacity in vivo is complicated by the fact that we 

cannot adjust the ratio of effector to target cells, as would be possible using an in vitro 

approach. We are also in the process of adapting an alternative in vitro assay257, which allows 

greater control over the effector to target ratio, which is currently still ongoing.  

Lastly, it is also conceivable that enhanced functional avidity does not translate into 

increased cytotoxic capacity but instead modulates other aspects of response behaviour. It is 

commonly thought that T cells with high functional avidity are superior in clearing viral 

infections or inducing tumour regression485,493,494. However, a recent in vitro study has 

discovered that T cell cytolytic capacity is independent of initial stimulation strength, which 

was revealed to mainly control how rapidly and simultaneously cells initiate activation257. Our 

single-cell sequencing data should again help us to answer this question definitively.  
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3.4. Conclusion 

In summary, this chapter sought to examine the role of direct IFN-γ signalling on CD8+T 

cells and its effect on the responding CD8+ T cell response. The lack of direct IFN-γ signalling 

was revealed to promote the expansion of effector CD8+ T cells and to enhance the functional 

avidity of the antigen-specific repertoire. Having established critical functions of IFN-γ on 

CD8+ T cells, we sought to explore in the following chapter the cellular processes underlying 

this cytokine-mediated effect.   
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4. Activating CD8+ T cells communicate directly with each other 

through interferon-gamma  

4.1. Introduction 

4.1.1. Interferon-gamma-producing immune cell subsets 

Numerous immune cell subsets, including T cells, NK cells, invariant NK T cells (iNKT), Treg 

cells, γδ T cells and B cells, have been shown to be capable of producing IFN-γ, which will be 

briefly reviewed in the following section. 

4.1.1.1 T lymphocytes 

IFN-γ is the signature cytokine of TH1 cells, which also produce several other cytokines such 

as TNF, IL-2, lymphotoxin-α (LTα) and granulocyte-monocyte colony-stimulating factor (GM-

CSF). Notably, whereas IFN-γ, IL-2, LTα and GM-CSF are released from TH1 cells in a targeted 

fashion through synapses to APCs to promote survival385, TNF is released in a multidirectional 

manner to enhance dendritic cell maturation and macrophage activation at the synapse 

whilst simultaneously mediating local cytotoxicity495. Another CD4+ T cell subset reported to 

secrete IFN-γ amongst other effector cytokines are TH17 cells385. 

Treg cells have also been shown to be capable of secreting IFN-γ. Surprisingly while FOXP3 

is known to maintain Treg cell suppressive identity through AKT inhibition via nuclear 

sequestration of FOXO1, which is thought to also repress Ifng transcription496,497, FOXP3+IFN-

γ+ Treg cells have been reported in various autoimmune diseases and in the context of 

cancer497. Those cells express a TH1-like transcriptional programme, and while still showing 
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repressive activity against TH1 cells in the context of infection444,498, their suppressive function 

in cancer appears to be impaired, thus facilitating greater anti-tumour immunity499. 

γδ T cells are T cells that express γ and δ chains and represent 1-4% of the T cell population. 

They secrete IFN-γ rapidly following activation mediated through T-bet and Eomes in a non-

MHC restricted manner by lipids, glycoproteins, and phosphorous-containing compounds. 

IFN-γ+ γδ T cells have been shown to provide an early source of IFN-γ in tumour immunity. 

Interestingly, mice with IFN-γ-deficient were observed to display impaired IFN-γ production 

by αβ T cells500. 

CD8+ cytotoxic T lymphocytes are well-known producers of IFN-γ during the effector phase 

of the response, which is a key component of their immune response to infection and cancer. 

IFN-γ is released from CTLs in a leaky synaptic manner, which ensures that the target cell 

receives a concentrated IFN-γ signal, while simultaneously also allowing some IFN-γ to reach 

neighbouring cells501. Interestingly, this mode of secretion has been shown to differ from that 

for other cytotoxic molecules such as TNF and perforin, which are concentrated at the 

immunological synapse to mediate targeted cell killing385. In addition to its role as an effector 

cytokine expressed by CTLs, IFN-γ secretion by a subset of CD8+ T cells has furthermore been 

reported during the early phase of L. monocytogenes infection70,379,502, which likely plays an 

important role in enhancing the cytotoxic function of both innate and adaptive cells to 

accelerate pathogen clearance. However, the precise function of this early wave of IFN-γ is 

much less well established and its potential role in regulating the CD8+ T cell response remains 

to be further investigated. 

In addition, it has also been discovered that IFN-γ-secreting CD8+ T cells can form a synapse 

with neighbouring non-antigen-specific CD8+ T cells, which was shown to promote expansion 

and differentiation of bystander T cells, which in turn can become IFN-γ producers 
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themselves310,503,504. Lastly, leaky synaptic release of IFN-γ in combination with comparably 

high stability and widespread distribution theoretically allows hours of IFN-γ exposure, which 

fulfils a crucial role in the context of cancer immunity by stimulating transcriptional programs 

that mediate effective killing of tumour cells385. 

4.1.1.2 iNKT and MAIT cells 

iNKT cells are innate-like T cells that express a TCR α chain which recognizes lipid antigens 

presented by the non-classical MHC molecule CD1d expressed on dendritic cells. iNKT cells 

can furthermore be subdivided into TH1-, TH2- and TH17-like subsets. iNKT cells develop in the 

thymus and resemble memory-type T cells in the periphery, which may produce cytokines in 

the innate phase of immune responses505. It was suggested that the pattern of IFN-γ release 

by iNKT cells may be synaptic due to an iNKT cell-DC positive feedback loop in which IFN-γ 

secreted by iNKT cells promotes DC maturation through upregulation of co-stimulatory 

molecules385,506,507.  

Mucosal-associated invariant T (MAIT) cells recognize intermediates of riboflavin (vitamin 

B2) biosynthesis, which are presented on class I-related molecule 1 (MR1)508,509 by semi-

variant TCRs comprising Vα 7.2-Ja33, 12 or 20 with limited Vβ diversity510,511. MAIT cells have 

been shown to produce IFN-γ both in a TCR-dependent512 and a TCR-independent manner513. 

4.1.1.3 NK cells and B cells 

Apart from T cells, various other immune cells serve as important contributors to the 

available pool of IFN-γ. NK cells are innate cytotoxic cells recognizing non-self epitopes that 

provide the first line of defence against invading pathogen, and which mediate their cytotoxic 

function through IFN-γ expression. IFN-γ and TNF are stored in recycled endosomes, which 
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are delivered to localised compartments away from the target cell for multidirectional 

release514, thus promoting the activation of inflammatory cells385. 

B cells are best known for producing antibodies but are also capable of mediating antibody-

independent functions via cytokine secretion515. Innate CD11ahiCD16/CD32hi cells are a B cell 

subset shown to express IFN-γ during early stages of bacterial infection, similarly to NK 

cells516. The mode of IFN-γ release in those cells remains to be further investigated. 

4.1.2. Experimental models to investigate interferon-gamma expression by immune 

cells 

Cytokines, including IFN-γ, are rapidly secreted and therefore cannot be reliably detected 

within the producing immune cell. However, recently activated T cells co-incubated with 

inhibitors for protein secretion, such as monensin or brefeldin A, accumulate proteins they 

would otherwise secrete, thereby allowing intracellular detection of cytokines at the single 

cell level517–519, which can also be used to analyse IFN-γ expression by flow cytometry520,521. 

The standard protocol used in our group involves intraperitoneal injection of 250 μg BFA per 

animal 6 hours before organ isolation. However, due to repeated issues with this protocol, 

we decided to adapt a protocol from the group of David Withers, in which organs are 

harvested in complete media with added BFA, and single cell suspensions are cultured in the 

same mix for 3 hours before cells are subjected to intracellular cytokine staining522. This 

protocol worked in general very well for our experimental purpose and ensured efficient 

staining of intracellular IFN-γ. Nevertheless, to not rely exclusively on protocols requiring prior 

blocking of cytokine secretion, we also utilised IFN-γ reporter mice known as GREAT mice. 

Integration of the coding sequencing for enhanced yellow fluorescent protein (eYFP) 
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downstream of the endogenous Ifng promoter523, enables in vivo quantification of IFN-γ 

expression through analysis of eYFP reporter expression. 

4.1.3. Context and aim of this chapter 

Given the wide range of candidate IFN-γ-secreting immune cells, it remains to be shown, 

if CD8+ T cells receive IFN-γ preferentially from one particular cell type, or alternatively, if 

multiple cell types can serve as potential sources of IFN-γ for CD8+ T cells. Furthermore, our 

results so far give no indication if the sensing of IFN-γ by CD8+ T cells is confined to a particular 

time window of the ensuing response. We thus aimed to dissect more thoroughly the 

temporal context of this signalling event. The aim of this chapter was therefore (1) to 

characterize IFN-γ expression in CD8+ T cells throughout the response using the 

aforementioned experimental protocols and models, (2) to pinpoint the temporal context of 

direct IFN-γ signalling in CD8+ T cells, (3) to investigate if CD8+ T cells preferentially receive 

IFN-γ from other CD8+ T cells and (4) to examine if IFN-γ is used as a mediator in direct CD8+ 

T cell-T cell communication.  
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4.2. Results 

4.2.1. Global interferon-gamma expression in response to L. monocytogenes infection 

follows a biphasic pattern 

To characterize the kinetics of IFN-γ expression in immune cells throughout the response 

to infection, we measured the expression of the IFN-γ reporter eYFP in GREAT mice at 

different time points following LM-OVA infection (Figure 37A). We observed an incremental 

increase in expression during the priming phase of the response, which was also reflected in 

an increased frequency of activated (CD69+) CD8+ T cells (Figure 37B, C and D). Similar kinetics 

were observed for global IFN-γ secretion (data not shown but available here489). 

It is important to highlight, that eYFP expression in these reporter mice serves as a direct 

readout for IFN-γ gene transcription, whilst not necessarily reflecting the level of translated 

cytokine protein. However, the same general expression pattern during the early phase of the 

response was also observed by flow cytometry analysis of intracellular IFN-γ post BFA 

treatment (Figure 37E and F). Quantifying IFN-γ expression from day 3 to day 9 post-infection 

showed a significant increase in IFN-γ secretion from day 5 onwards before reaching peak 

expression at d7 and starting to decrease again by d9 post-infection (Figure 37G and H). 

Similar kinetics were also observed again for global IFN-γ secretion (data not shown but 

available here489). We concluded from these data that IFN-γ production in response to L. 

monocytogenes infection follows a biphasic pattern, characterized by an early wave of IFN-γ 

following activation, which is terminated within 2 days post-infection, and a second, more 

pronounced wave accompanying the peak of the effector response.  
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Figure 37. Kinetics of interferon-gamma (IFN-γ) expression in CD8+ T cells throughout the response. (A) GREAT mice 
were infected with LM-OVA and IFN-γ expression in splenocytes was assessed at the indicated time points. (B, C, D) 
Representative flow plots (B) and analysis of relative CD69 (C) and eYFP (D) expression in infected GREAT mice 12-48 hours 
post-infection. (E, F) Representative flow plots (E) and analysis of relative IFN-γ (F) expression in infected GREAT mice 12-48 
hours post-infection following in vitro BFA treatment. (G, H) Representative flow plots (G) and analysis of relative eYFP (H) 
expression in infected GREAT mice 3-9 days post-infection. Data are representative of 2 (n = 3 x 3 technical replicates) 
independent experiments. Error bars indicate the mean ± s.d. 

 

To furthermore investigate the dynamic changes in the sensitivity of CD8+ T cells to IFN-γ 

we also quantified the expression kinetics of both IFN-γR chains in CD8+ T cells (Figure 38). 

Staining for the IFNγ-R1 requires treating the cells prior to staining with acid to remove any 

receptor-bound IFN-γ which may interfere with the binding of the staining antibody. To avoid 

increased cell death, cells can only be incubated for a short period of time in the acetic 
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stripping solution, before being washing extensively with 1x PBS prior to downstream 

processing. Altogether, we did not observe significant differences in IFN-γR1 and -R2 

expression during the priming phase of the response. We observed increased expression 

during the effector phase of the response, with peak expression at d5, before expression of 

both IFN-γR1 and -R2 decreased again at d9.  

 

Figure 38. Kinetics of interferon-gamma (IFN-γR) expression in CD8+ T cells throughout the response. (A, B) 
Representative histograms of IFN-γR1 (A) and IFN-γR2 (B) expression in C57BL/6J (B6) mice 12-32 hours post-infection. (C, 
D) Analysis of IFN-γR1 (C) and IFN-γR2 (D) expression in infected B6 mice 3-9 days post-infection. Data are representative of 
2 (n = 3 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d.  
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4.2.1. CD8+ T cells need to sense interferon-gamma 16-24 hours post-infection to 

enhance effector CD8+ T cell expansion and the functional avidity of the endogenous T 

cell repertoire 

Based on the biphasic pattern of global IFN-γ secretion, there are two candidate time 

windows during which IFN-γ could be sensed by CD8+ T cells. We therefore sought to 

determine the spatiotemporal context of direct IFN-γ signalling in CD8+ T cells that undergirds 

the modulatory functions of IFN-γ described in Chapter 3. To pinpoint if there is a specific 

temporal window at which IFN-γ sensing must occur, we transferred OT-I CD8+ T cells into 

C57BL/6 (B6) host mice and blocked IFN-γ 16-24- or 48-hours post-infection. Measuring OT-I 

cell numbers at the peak of the response showed a significant increase in antigen-specific cell 

numbers only when blocking IFN-γ 16-24 hours post-infection, whereas blockade of IFN-γ 48 

hours post-infection did not have any effect on the total number of responding cells (Figure 

39A). Similar results were obtained when analysis differentiation of antigen-specific cells at 

the peak of the response, with only 16-24 hours blockade of IFN-γ resulting in an increased 

SLEC/MPEC ratio (Figure 39B) and an increased total number of effector cells (Figure 39C). 

 

Figure 39. Interferon-gamma (IFN-γ) needs to be blocked 16-24 hours post-infection to modulate OT-I CD8+ T cells 
expansion and differentiation. (A) Blockade of IFN-γ 16-24 hours post-infection the enhanced expansion of adoptively 
transferred OT-I T cells. (B) Blockade of IFN-γ 16-24 hours post-infection increased the SLEC/MPEC ratio of adoptively 
transferred OT-I T cells at the peak of the response. (C) Blockade of IFN-γ 16-24 hours post-infection augmented the total 
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number of OT-I effector CD8+ T cells at the peak of the response. Data are representative of 3 (n = 3 x 3 technical replicates) 
independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using the two-
tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

We next sought to reproduce these findings on the endogenous level, while 

simultaneously probing the effect of blocking IFN-γ secretion during the effector phase of the 

response. C57BL/6J (B6) mice were infected with LM-OVA and anti-IFN-γ blocking antibodies 

were administered either 16-24 hours post-infection or at day 5 and day 6 (Figure 40A). 

Increased relative abundance of antigen-specific CD8+ T cells was only observed when 

blocking IFN-γ 16-24 hours post-infection (Figure 40C and D), which was furthermore 

associated again with a skewing of the average tetramer binding of the responding T cell 

repertoire towards a higher tetramer MFI (Figure 40E), while no difference in CD3 expression 

in antigen-specific CD8+ T cells between the experimental conditions was observed (Figure 

40G), indicating again that the changes in tetramer binding are not driven by differential TCR 

expression. 
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Figure 40. Interferon-gamma (IFN-γ) needs to be blocked 16-24 hours post-infection to modulate antigen-specific CD8+ 
T cells expansion at the endogenous level. (A) C57BL/6J (B6) mice were infected with LM-OVA and mice were either left 
untreated (grey) or IFN-γ was blocked 16-24 hours (red) or at day 5 and 6 (orange) post-infection. Splenocytes were isolated 
at the peak of the response (d7-10) for flow cytometry analysis. (B, C, D) Representative flow plots (B), relative abundance 
(C) and absolute numbers of antigen-specific CD8+ T cells at the peak of the response. (E, F) Representative histograms (E) 
and quantification (F) of tetramer-binding of antigen-specific CD8+ T cells at the peak of the response. (G) Quantification of 
CD3 expression in antigen-specific CD8+ T cells at the peak of the response. Data are representative of 3 (n = 3 x 3 technical 
replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using 
the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

Blocking IFN-γ 16-24 hours post-infection also enhanced the relative abundance (Figure 

41A) and absolute number (Figure 41B) of terminally differentiated effector CD8+ T cells at 

the peak of the response, whereas the relative frequency of memory precursor cells was 

significantly decreased (Figure 41C). Of note, we did not observe a change in total numbers 

of memory cells (Figure 41D), which may be explained, at least partly, by the overall increased 

CD8+ T cell number that we observed when blocking IFN-γ 16-24 hours post-infection. Thus, 

the difference may only become apparent in relative terms, while getting lost when 

quantifying absolute numbers. Lastly, blockade of IFN-γ 16-24 hours post-infection and 

measuring tetramer binding of SLECs and MPECs revealed again a significant skewing in the 

tetramer binding of the terminally differentiated effector population towards a higher 

tetramer MFI (Figure 41F). Taken together, we concluded from these data that IFN-γ needs 

to be sensed 16-24 hours post-infection to induce the observed changes in expansion, 

differentiation, and functional avidity.  
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Figure 41. Blocking of interferon-gamma (IFN-γ) 16-24 hours post-infection modulates the differentiation of effector 
CD8+ T cells at the endogenous levels. C57BL/6J (B6) mice were infected with LM-OVA and mice were either left untreated 
(grey) or IFN-γ was blocked 16-24 hours (red) or at day 5 and 6 (orange) post-infection. Splenocytes were isolated at the peak 
of the response (d7-10) for flow cytometry analysis. (A, B) Blockade of IFN-γ 16-24 hours post-infection enhanced the relative 
frequency (A) and absolute number (B) of endogenous short-lived effector (KLRG1hi CD127low) CD8+ T cells. (C, D) Blockade 
of IFN-γ 16-24 hours post-infection reduced the relative frequency (C) of endogenous memory (KLRG1low CD127hi) CD8+ T 
cells, while no difference in absolute numbers (D) was observed. (E, F, G) Representative histograms (E) and quantification 
of tetramer binding MFIs of short-lived effector cells (F) and memory precursor cells (G). Data are representative of 3 (n = 3 
x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was 
calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

4.2.2. Early interferon-gamma leads to accelerated CD25 downregulation in CD8+ T cells 

The fact that early blockade of IFN-γ increased CD8+ T cell numbers at the peak of the 

effector response to infection suggested an indirect functional mechanism of IFN-γ on cell 

expansion or contraction. Earlier studies in our group (data available here489) suggested that 

IFN-γ regulated CD8+ T cell differentiation, per se, as opposed to cell expansion. However, 

surprisingly, IFN-γ did not modulate the ratio between the two transcriptional master 

regulators T-bet and Eomes (data not shown but available here489). This suggested that IFN-γ 

modulated CD8+ T cell differentiation through a noncanonical pathway. It has previously been 

shown that IFN-γ can synergise or antagonize the effect of growth factors and cytokines382, 

and that inflammatory cytokines promote effector differentiation by prolonging the 
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expression of IL-2 receptor alpha chain CD25209,524. We hypothesised that early IFN-γ in our 

context may function through a similar mechanism and thus investigated the function of early 

IFN-γ production on CD25 expression. We infected B6 with LM-OVA and blocked IFN-γ 16-24 

hours post-infection  (Figure 42A). CD25 expression in tetramer+ CD8+ T cells was assessed at 

day 5 post-infection and increased CD25 expression in antigen-specific cells following IFN-γ 

blockade was observed (Figure 42G and H). Prolonged CD25 expression at day 5 concurs with 

increased effector and decreased memory formation detected from day 7 onwards and is 

consistent with IFN-γ antagonizing, or targeting, the same pathway as inflammatory 

cytokines525. Notably, differences in tetramer binding profiles of antigen-specific CD8+ T cells 

became already apparent at day 5 (Figure 42B, C, D, E and F), indicating that the IFN-γ-

mediated programming of the responding CD8+ T cell population occurs early on in the 

response.  
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Figure 42.The effect of interferon-gamma (IFN-γ) on CD8+ T cells is mediated through a non-canonical signalling 
pathway modulating CD25 expression in antigen-specific CD8+ T cells. (A) C57BL/6J (B6) mice were infected with LM-OVA 
and mice were either left untreated (grey) or treated with anti-IFN-γ antibody 16-24 hours post-infection (red). Splenocytes 
were isolated at day 5 for flow cytometry analysis. (B, C, D) Representative flow plots (B), representative histograms (C) and 
quantification of tetramer binding mean fluorescence intensity (gMFI). (E, F) Analysis of relative abundance (E) and total 
number (F) of tetramer+ CD8+ T cells. (G, H) Representative histograms (G) and quantification (H) of CD25 expression in 
antigen-specific CD8+ T cells. (I) Quantification of CD3 expression in tetramer+ CD8+ T cells. Data are representative of 2 (n = 
3 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was 
calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

Next, we also compared tetramer binding and CD25 expression at day 5 of antigen-specific 

CD8+ T cells in CD8a-Cre IFNgR-flox-/- (KO) mice with CD8a-Cre control (WT) mice (Figure 43A). 

A shift in tetramer binding was again observed in KO mice (Figure 43B, C and D), while CD25 
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expression displayed a trend towards higher expression in KO mice (Figure 43F and G). The 

variability between biological replicates of KO mice was much higher than previously 

measured for the temporal blockade of IFN-γ in B6 mice and may thus explain why we only 

observed a trend and not a clear difference in this context. These experiments were not 

carried out with CD8a-Cre IFNgR-flox-/- Rosa26-tdTomato mice and it is thus possible that 

deletion was not fully penetrant in all of the CD8+ T cells of these mice, which may, at least 

partly, explain the higher variability. We are planning on repeating these experiments with 

CD8a-Cre IFNgR-flox-/- Rosa26-tdTomato mice.  

 

Figure 43. Interferon-gamma (IFN-γ) mediates its function on endogenous CD8+ T cells through a non-canonical 
signalling pathway modulating CD25 expression. (A) CD8a-Cre IFNgR-flox-/- Rosa26-tdTomato (KO) mice (red) and CD8a-Cre 
Rosa26-tdTomato (WT) mice (grey) were infected with LM-OVA and splenocytes were isolated at day 5 for flow cytometry 
analysis. (B, C, D) Representative flow plots (B), representative histograms (C) and quantification (D) of tetramer binding of 
antigen-specific CD8+ T cells at the peak of the response. (E) Quantification of CD3 expression in antigen-specific CD8+ T cells 
at the peak of the response. (F, G) Representative histograms (F) and quantification (G) of CD25 expression in antigen-specific 
CD8+ T cells at the peak of the response. Data are representative of 1 (n = 3 x 3 technical replicates) independent experiment. 
Error bars indicate the mean ± s.d. Comparison between groups was calculated using the two-tailed unpaired Student’s t-
test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 
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4.2.1. NK and CD8+ T cells are the two main producers of interferon-gamma 24 hours 

post-infection 

Following our observation that sensing of IFN-γ secretion by CD8+ T cells occurs in a specific 

time window 24 hours post-infection, we next sought to characterize the cell types producing 

IFN-γ in situ at this time. To analyse IFN-γ expression 24 hours post-infection, GREAT mice 

were infected with LM-OVA and eYFP expression was measured 24 hours post-infection by 

flow cytometry (Figure 44A) and analysed per cell type. NK(T) cells (analysed by NK1.1 staining 

and CD1d tetramer binding) comprised 4% of live cells in the spleen and CD8+ T cells up 12 % 

(Figure 44B and D). These results also align with previously reported studies, such as the 

mouse phenome database (https://phenome.jax.org). Other immune cells in the spleen 

include CD4+ T cells, which comprise up to 18% of live splenocytes, and B cells, which comprise 

up to 58% of live splenocytes (data not shown).  

Gating on IFN-γ-producing immune cells, NK(T) cells comprised 60% of IFN-γ-positive cells, 

followed by IFN-γ-producing CD8+ T cells, which comprised up to 20% of IFN-γ-producing cells 

(Figure 44C and E). IFN-γ expression by other immune cells, including CD4+ T cells and B cells, 

was responsible for the remaining 20% of IFN-γ secretion. We furthermore included MAIT 

cells in our flow cytometry analysis using MR1 tetramers loaded with the ligand 5-OP-RU509, 

which constituted less than 3% of live splenocytes and did not secrete notable amounts of 

IFN-γ at this early time point. These findings align with previously reported results502. 
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Figure 44. Characterization of interferon-gamma (IFN-γ)-producing immune cells 24 hours post-LM-OVA infection. (A) 
Splenocytes of LM-OVA infected GREAT mice were isolated 24 hours post-infection for flow cytometry analysis of IFN-γ 
expression. (B, D) Representative histograms (B) and quantification (C) of immune cell phenotyping 24 hours post-infection. 
(C, E) Representative histograms (C) and quantification of phenotyping of IFN-γ+ immune cells 24 hours post-infection. Data 
are representative of 3 (n = 3 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d. 
Comparison between groups was calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; 
NS, not significant. 

 

 

4.2.1. CD8+ T cells sense early interferon-gamma in a cell-autonomous fashion 

As CD4+ T cell-derived IFN-γ is sufficient to mediate TH1 differentiation in the context of 

Leishmania major infection526, we hypothesised that CD8+ T cell-derived IFN-γ may likewise 

be the dominant source that regulates CD8+ T cell behaviour. We tested this hypothesis both 

at the monoclonal and endogenous level. First, we studied whether IFN-γ produced by wild-

type (WT) OT-I cells could induce signalling in IFN-γ-/- OT-I cells, which would serve as a clear 

indication of paracrine signalling. We observed enhanced IFN-γ signalling in IFN-γ-/- OT-I cells 
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after in vitro co-culture (Figure 45B) and in vivo co-injection (Figure 45C and D) of IFN-γ-/- OT-

I cells with WT OT-I cells, as assessed by STAT1 phosphorylation on Y701 [p(Y701)STAT1] 24 

hours post activation, suggesting a paracrine mode of communication. We concluded that 

CD8+ T cells, at least on the monoclonal level, autonomously modulate certain aspects of their 

behaviour through early paracrine sensing of IFN-γ supplied by other CD8+ T cells.  

 

Figure 45. Monoclonal CD8+ T cells preferentially receive interferon-gamma (IFN-γ) directly from other CD8+ T cells. 
(A) Mice transferred with IFN-γ-/- OT-I cells, with or without WT OT-I cells (1:1 ratio), were infected with LM-OVA and analysed 
after 24 hours by flow cytometry (1). Alternatively, WT or IFN-γ-/- OT-I cells were stimulated with PMA/Ionomycin for 24 
hours, either separated or in co-culture and analysed by flow cytometry (2). (B) Representative histograms show 
p(Y701)STAT1. WT OT-I cells are coloured grey, IFN-γ-/- OT-I cells are coloured red, and IFN-γ-/- OT-I cells are coloured blue 
when they are co-cultured with WT OT-I cells. (C) Representative histograms showing p(Y701)STAT1 staining in IFN-γ-/- OT-I 
cells. IFN-γ-/- OT-I cells only are coloured red, and IFN-γ-/- OT-I cells co-cultured with WT OT-I cells are coloured blue. (D) 
Graphs shows the percentage of p(Y701)STAT1-positive IFN-γ-/- OT-I cells. Data are representative of 2 (n = 6 x 3 technical 
replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using 
the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

To test whether we could recapitulate these findings at the endogenous level, we created 

mixed bone marrow (BM) chimeras by reconstituting lethally irradiated C57BL/6 (B6) 

recipients with a 1:1 mixture of either Ifng -/- (IFN-γ KO) and Cd8a-/- (CD8 KO) donor BM or IFN-

γ KO and B6 donor BM (Figure 46). Thus, we generated an experimental model, in which all 

immune cells, except CD8+ T cells, are capable of producing IFN-γ (referred to hereafter as KO 

mice) and a control model, in which all immune cells, including CD8+ T cells, are capable of 

producing IFN-γ (referred to hereafter as WT mice). We originally used exclusively B6 mice as 

hosts to limit variability between the two types of generated chimeras. However, we realised 
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that our first batch of chimeras has not been successfully irradiated, as a sizable fraction of 

host-derived BM cells could be detected in reconstituted mice (data not shown). After an 

equally unsuccessful second attempt, we decided to instead use IFN-γ KO mice as hosts for 

the KO condition and B6 mice only for the WT control. This strategy finally allowed us to 

successfully generate BM chimeras of the required phenotypes.  

 

 

Figure 46. Generation of bone marrow (BM) chimera mice. Irradiated C57BL/6J (B6) or IFN-γ-/- (IFN-γ KO) host mice 
were reconstituted with a 1:1 mixture of either IFN-γ KO/B6 or IFN-γ KO/CD8 KO to generate BM chimeras in which all 
immune cells can produce IFN-γ (2) or all immune cells except CD8 T cells (1) are capable of secreting IFN-γ, respectively 
[Created with BioRender.com]. 

 

After reconstitution of the hematopoietic compartment, mice were infected with LM-OVA 

and splenocytes were isolates 24 hours post-infection, which were either used to measure 

STAT1 phosphorylation or stimulated with PMA/Ionomycin (PI) to confirm successful 

reconstitution (Figure 47A). We quantified IFN-γ expression following in vitro stimulation in 

both NK and CD8+ T cells and measured no IFN-γ secretion by CD8+ T cells in our KO model, 

while IFN-γ expression by NK cells was observed in both WT and KO mice (Figure 47B, C and 

D).  
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STAT1 phosphorylation was used again as a surrogate marker for IFN-γ signalling in 

activated (CD69+) CD8+ T cells 24 hours post-infection. Infected IFN-γ-/- mice were used as 

control. We observed enhanced IFN-γ signalling in WT mice compared to KO mice (Figure 47E 

and F), suggesting that CD8+ T cells preferentially receive IFN-γ from other CD8+ T cells. 

Normalisation of pSTAT1 MFIs furthermore revealed significant inhibition of IFN-γ signalling 

in the absence of IFN-γ-producing CD8+ T cells (Figure 47G). While CD8+ T cells contribute to 

15-20% of total IFN-γ secretion 24 hours post-infection (Figure 44E), ablation of CD8+-induced 

IFN-γ leads to 60% inhibition of IFN-γ signalling, as exemplified by STAT1 phosphorylation 

(Figure 47G). We therefore concluded that CD8+ T cells autonomously regulate their 

behaviour through paracrine IFN-γ secretion from other CD8+ T cells, not just at the 

monoclonal, but also at the endogenous level. 
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Figure 47. Endogenous CD8+ T cells preferentially receive interferon-gamma (IFN-γ) directly from other CD8+ T cells. 
(A) IFN-γ-/- mice (control, grey), CD8a-/-/IFN-γ-/- (KO, purple) and B6/IFN-γ-/- (WT, blue) BM chimeras were infected with LM-
OVA and STAT1 phosphorylation in activated (CD69+) CD8+ T cells was quantified by flow cytometry 24 hours post-infection. 
(B, C, D) Representative dot plots of immune cell type gating (B) and IFN-γ staining (C) after re-stimulation and quantification 
(D) of IFN-γ secretion. (E, F) Representative histograms (E) and quantification (F) of STAT1 phosphorylation in activated CD8+ 
T cells 24 hours post-infection. (G) Analysis of IFN-γ signalling inhibition in KO mice. pSTAT1 MFIs of WT and KO mice were 
first normalised to control (IFN-γ-/-) and obtained KO value was then normalised to WT (= 100% IFN-γ signalling). Data are 
representative of 3 (n = 1 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison 
between groups was calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not 
significant. 

 

We next sought to study if we can extend these findings to other immune cell types. 

Staining for STAT1 phosphorylation on Y701 [p(Y701)STAT1] by flow cytometry requires 

permeabilization with methanol, which is known to destroy various fluorophores, such as 

APC, PE, PerCP and their respective conjugate forms, meaning that only a few fluorophores, 

such as Brilliant Violet or Alexa Fluor 488, can be used for flow cytometry analysis. 

Additionally, the changes in STAT1 phosphorylation measured by flow cytometry can be quite 
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subtle, making it sometimes difficult to draw definitive conclusions. We also considered 

quantifying STAT1 phosphorylation by western blotting, which is thought to be a more robust 

and sensitive method of quantifying pSTAT1. However, quantification by western blotting 

would require isolation of specific cell types, which may be associated with a significant loss 

of phosphorylation signal if not completed quickly enough. Thus, we tried to identify 

additional biomarkers, which may be used as surrogates for IFN-γ signalling. Based on the 

literature, we decided to focus on MHC I527, PD-L1 and IRF1 as potential candidates. 

Expression of these candidate markers was measured in T cells, macrophages, and dendritic 

cells 24 hours or 48 hours post-infection (Figure 48A). CD8+ T cells did not significantly 

upregulate MHC I in both WT and KO mice 24- or 48-hours post-infection (Figure 48B, C and 

D). Macrophages and dendritic cells on the other hand displayed significant upregulation of 

MHC Class I expression at both time points post-infection (Figure 48C and D). PD-L1 

expression did not significantly differ in B6 mice compared with IFN-γ KO mice 24 hours post-

infection (data not shown), suggesting that PD-L1 expression is not critically dependent on 

IFN-γ signalling at this early time point. We decided to not further pursue PD-L1 as a potential 

surrogate for IFN-γ signalling. The testing of IRF1 as a surrogate of IFN-γ signalling could not 

be completed in time but is currently ongoing. We concluded that MHC I expression is a useful 

surrogate to evaluate if macrophages and dendritic cells received IFN-γ but cannot be used 

to analyse T cells. 
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Figure 48. MHC I expression can be used as an alternative surrogate marker of interferon-gamma (IFN-γ) signalling. 
IFN-γ-/- mice (control, grey), CD8a-/-/IFN-γ-/- (KO, purple) and B6/IFN-γ-/- (WT, blue) BM chimeras were infected with LM-OVA 
and MHC class I expression in activated (CD69+) CD8+ T cells was quantified by flow cytometry 24- or 48-hours post-infection 
(A) Representative flow plots of gating strategy. (B, C, D) Representative histograms of MHC I expression (B) and 
quantification 24 hours (C) and 48 hours (D) post-infection. Data are representative of 2 (n = 3 x 3 technical replicates) 
independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using a Two-way 
ANOVA and Šidák’s multiple comparison test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant.  
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4.3. Discussion 

4.3.1. Functional specification of early interferon-gamma signalling in CD8+ T cells 

through a non-canonical signalling pathway 

Based on previous findings of our group489, we hypothesised that IFN-γ exerts its 

modulatory function on CD8+ T cell expansion and differentiation through a noncanonical 

signalling pathway. Our studies at the endogenous level indeed suggest that IFN-γ acts 

through an unconventional signalling pathway. Ablation of IFN-γR signalling in CD8+ T cells 

results in prolonged CD25 expression (Figure 43), and thus enhanced expansion of effector 

cells208,209 with a TCR of high functional avidity. The fact that we observe a lag of 4 days 

between IFN-γ secretion and CD25 downregulation indicates an indirect mode of action, but 

how IFN-γ precisely regulates CD25 expression remains to be further investigated.  

Signalling by the JAK-STAT pathway, including activation of STAT1 by IFN-γ, is typically 

transient, with a peak signal occurring at 15-60 minutes and resolution back to baseline 

occurring at 2-4 hours after stimulation408. Accordingly, transcriptional responses of many 

direct STAT1 target genes are thought to peak within several hours of IFN-γ stimulation. 

However, in addition to its direct signalling effects, IFN-γ was shown to also induce a subset 

of ISGs with delayed kinetics in a manner dependent on new protein synthesis, thus implying 

indirect regulation, and to trigger a pattern of sustained gene expression that persists beyond 

the duration of immediate JAK-STAT signalling528,529. A feedforward loop in which IFN-γ 

induces de novo expression of transcription factors, which cooperate to induce and sustain 

gene expression382, may, at least partly, explain these delayed and sustained kinetics of gene 

induction.  
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Another possible mechanism for persistence of IFN-γ signalling may be capture of IFN-γ by 

cell surface phosphatidylserine on live cells, followed by its slow release to drive long-term 

transcription530, which was shown to elicit durable inflammatory responses in cancer cells. As 

TCR activation induces PS exposure at the surface of T cells531, a similar mechanism may lead 

to long-term exposure of T cells to IFN-γ. Lastly, stability of gene expression that persists 

beyond the initiating signal could also be accomplished through epigenetic mechanisms and 

chromatin remodelling providing short-term memory532,533. Several studies (reviewed 

here408) have started to elucidate such IFN-γ-mediated epigenetic mechanisms of cell 

reprogramming in macrophages. Whilst beyond the scope of this thesis, it is intriguing to 

speculate that IFN-γ may also induce remodelling of the chromatin landscape in CD8+ T cells 

to imprint them with a more stable and sustained transcriptional response. 

It is intriguing to speculate that a convergence of additional signalling factors, such as TCR 

stimulation strength or additional cytokine signalling, programs a certain subset of 

responding CD8+ T cells for heightened IFN-γ sensitivity. Our finding that IFN-γ modulates 

differentiation at the clonal level indicates that additional signalling components play a crucial 

role in defining the precise signalling outcome of IFN-γ on T cells. Additional studies carried 

out in our group489 indeed suggest that T-T contacts dictate the responsiveness of activated 

CD8+ T cells to the IFN-γ they produce. As these studies have not been conducted by me and 

are thus not part of this thesis, they will only be briefly summarised for the purpose of 

discussion. In summary, our group has shown that blocking T-T contacts with LFA-1 blocking 

antibodies in vitro resulted in decreased p(Y701)STAT1 downstream of IFN-γ signalling, which 

was not due to an inability of cells to produce or detect IFN-γ, per se, as confirmed by the fact 

that phosphorylation of STAT1 at serine 727 was unaffected. Moreover, requirement of 

contact for optimum IFN-γ signalling was neither the consequence of a desensitization 
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mechanism due to chronic IFN-γ exposure, nor a result of IFN-γR down-regulation, as 

observed for CD4+ T cell differentiation into the TH1 subset436. Artificial, integrin-independent 

clustering of cells treated with LFA-1 blocking antibody did not lead to increased IFN-γ 

sensitivity, and it was furthermore observed that integrins had to colocalise with IFN-γR to 

facilitate signal integration. Collectively, our group has shown that integrin engagement 

potentiated IFN-γ signalling by fulfilling a critical co-stimulatory function that causes 

enhanced STAT1 phosphorylation and helps specify the signalling outcome controlling CD8+ T 

cell fate (Figure 49).  

 

Figure 49. Paracrine co-stimulation of interferon-gamma (IFN-γ) signalling by integrins modulates CD8+ T cell 
differentiation. During bacterial infection, IFN-γ skews CD8+ T cell differentiation towards memory. Modulation of CD8+ T 
cell differentiation by IFN-γ relies on a nonconventional IFN-γ outcome that occurs specifically within 16-24 hours following 
infection. This is driven by IFN-γ co-stimulation by integrins at T-T synapses and leads to synergistic phosphorylation of the 
proximal STAT1 molecule and accelerated IL-2 receptor down-regulation489 [Created with BioRender.com]. 

 

These findings do not exclude the possibility that other additional factors may be required 

for signal integration, and that integrins may recruit IFN-γR to specific lipid nanodomains at T 

cell-T cell synapses, thus enabling distinct downstream events. Additionally, given that these 
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studies were conducted on a monoclonal population of T cells using the high-affinity OT-I 

system, it is conceivable that TCR affinity may provide another crucial stimulus that helps to 

define and potentially fine-tune the ultimate signalling outcome. 

Our findings help to explain the discrepancies reported between models of IFN-γ function 

on CD8+ T cells and suggest that the presence of cofactors represents one of a series of 

possible modifiers of IFN-γ signalling and function specification. This may also explain 

discrepancies reported between the localised and systemic effects of IFN-γ. Data from our 

group suggest that CD8+ T cells secrete early IFN-γ in a localised and polarized fashion, 

possibly to restrict harmful bystander responses while optimising efficient T cell-mediated 

pathogen clearance programs. It is plausible that multi-directional IFN-γ secretion by NK cells 

may be the source of systemic IFN-γ, possibly spreading IFN-γ throughout the spleen61,534. 

Signal amplification and specification through integrin co-stimulation, which requires 

previous T cell activation310, means that only cells in the correct state of activation and 

engaging integrins will adequately respond to this signalling cue. 

4.3.2. Differential sensitivity of CD8+ T cells to interferon-gamma throughout the 

response 

We initially hypothesised that differential sensitivity to IFN-γ may be regulated through 

cell-specific tuning of IFN-γR expression. However, when quantifying the kinetics of IFN-γR 

expression during the early phase of the response no notable changes in receptor expression 

were measured (Figure 38), suggesting that sensitivity towards early IFN-γ may be regulated 

mainly through other mechanisms. Our findings contrast earlier reports207, which have shown 

that the IFN-γR2 chain is downmodulated beyond 12 hours post activation, rendering cells 

unresponsive to IFN-γ. mRNA expression levels for IFN-γR1 and IFN-γR2 were also shown in 
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another study to decline more than 8- to 10-fold within 24 hours of stimulation, at least in 

vitro379,535. However, it is important to highlight that receptor downregulation in these earlier 

studies was only evaluated at the transcription level. It is therefore possible, that the receptor 

may be expressed for longer at the protein level. Our pSTAT1 data indeed supports the notion 

that the IFN-γR may be expressed beyond 12 hours post activation. 

Taken together, these findings suggest that IFN-γ signals that drive differentiation must be 

delivered early in the response. We have also shown that during that exact same time window 

a subset of CD8+ T cells secretes IFN-γ following activation (Figure 37). Our in vivo IFN-γ 

blocking experiments (Figure 39) furthermore demonstrated that the timing of the signalling 

event is critical in triggering the signalling effects described in Chapter 3.2. Only when 

receiving IFN-γ 16-24 hours post-infection do we observe the modulatory functions of IFN-γ 

in effector CD8+ T cells described earlier. Beyond this early time window following activation, 

CD8+ T cells were suggested to remain refractory to IFN-γR signalling and to only regain partial 

responsiveness during the contraction phase of the response207. This does not exclude 

additional functions of IFN-γ secreted at later time points on CD8+ T cells, such as a previously 

described regulatory role in controlling the contraction phase of CTL responses via FAS-FASL-

/Bim-mediated apoptosis, both of which are induced by STAT1 signalling459. CTL-derived IFN-

γ was furthermore shown to enhance the motility and cytotoxicity of CTLs536, whilst high IFN-

γ levels during expansion were implicating in limiting the size of the resulting memory 

population127,460. Our findings do not contradict those reports but add an additional 

functional layer to the role of this pleiotropic cytokine in regulating CD8+ T cell responses.  

It is important to note, that blocking IFN-γ does not phenocopy blocking T cell-T cell 

contacts as a whole, as reported previously310. Whereas integration of IFN-γ and integrin 

signalling pathways restricts T cell effector differentiation, T cell-T cell contacts have been 
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shown to promote both effector and central memory differentiation310. This discrepancy is 

likely due to the role T cell-T cell synapses play as a platform fostering a network of 

heterogenous signals shared exclusively between responding T cells. Some of these may also 

be temporal and include contributions from other cell-cell contacts in vivo. Our study only 

provides one instance of such a platform function, facilitating in this case signal integration 

through co-stimulation of IFN-γ signalling by integrin co-engagement. Importantly, whereas 

integrin activation is dictated by the encounter with the antigen early during priming and is 

reflective of the strength of activation, IFN-γ secretion is determined by cell localisation and 

the specific environmental context. 

4.4. Conclusion 

In this chapter, we found evidence for a context-specific role of IFN-γ in the coordination 

of CD8+ T cell responses to infection. Both global and CD8+-mediated IFN-γ expression 

following infection with L. monocytogenes exhibits a biphasic pattern. While it has previously 

been shown that IFN-γ secretion at the peak of the response controls the contraction phase 

of activating CD8+ T cells, our data demonstrated a critical role of early IFN-γ in the regulation 

of the ensuing CD8+ T cell response. Our experimental approach combined observations on 

the endogenous and monoclonal level, which helped us to dissect the function of this early 

wave of IFN-γ in limiting effector expansion and tuning the functional avidity of the 

responding T cell repertoire. We have furthermore demonstrated that CD8+ T cells 

preferentially receive IFN-γ from other CD8+ T cells 16-24 hours post activation. Based on 

previous findings of our group on the monoclonal level489, we hypothesise that endogenous 

CD8+ T cells regulate each other’s fate through targeted delivery of IFN-γ, which may be 

mediated and potentiated through transient, homotypic T-T synapses formed between 
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interacting T cells. We sought to explore in the next chapter if early IFN-γ production is 

restricted to a particular subset within the CD8+ T cell population and aimed to gain a better 

understanding of the inducible factors triggering IFN-γ secretion in those cells. 

  



 158 

5. A specialised CD8+ T cell subset produces interferon-gamma 

following activation by TCR- and cytokine-stimulation 

5.1. Introduction 

5.1.1. General mechanisms of interferon-gamma stimulation expression in immune cells 

IFN-γ expression is tightly regulated by epigenetic, transcriptional, post-transcriptional and 

post-translational modifications, which prevent IFN-γ expression by non-immune cells, naïve 

T cells and even some activated immune cells385,537. 

In naïve T cells Ifng has been shown to be actively silenced via methylation and 

hypoacetylation. Epigenetic regulation and cell-specific expression is facilitated through 

binding of specific transcription factors to conserved non-coding sequences within the 

proximal regulatory regions of Ifng538. Mechanistically, T-bet directly binds to the Ifng gene, 

and possibly cooperates with STAT4 for its gene regulatory function539. It was suggested that 

STAT4 promotes Ifng expression via histones H3 and H4 acetylation and binding to the Ifng 

promoter540. Of note, hyperacetylation of IFN-γ-encoding chromatin differs among T cells and 

can extend outside the Ifng locus, which likely enables cell-specific epigenetic regulation385.  

Ifng transcription is promoted by various stimuli, including TCR engagement, and 

transcription factors, such as  AP-1, T-bet, Eomes, NFAT and NF-κB541–543. Additional activated 

immune cells products, such as IL-2, hydrogen peroxide and leukotrienes, have furthermore 

been implicated in positive feedback loops that drive IFN-γ production via second 

messengers, such as protein kinase C and cyclic GMP544–546. In addition, the cytokines IL-12 

and IL-18 are known to be potent promoters of Ifng transcription547. IL-12 activates STAT4, 

whilst IL-18 signals via NF-κB and activates the AP-1 subunit JUN, thus forming a STAT4-AP-1 
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complex, which enhances STAT4 binding to the Ifng promoter78,385,548. IL-12 furthermore 

promotes transcription of IL-18 receptor, thus establishing a positive-feedback loop549 that 

promotes synergistic regulation of IFN-γ expression.  

Fast translation and secretion upon appropriate stimulation is facilitated by the storage of 

preformed Ifng mRNA in both the nuclear and the cytoplasmic compartment. Induction of the 

mitogen-activated protein kinase p38 through IL-12 and IL-18 triggers its binding to an AU-

rich element in the 3’ untranslated region of Ifng mRNA, prompting, at least temporally, its 

stabilisation and protection from degradation550,551. Negative regulation has also been 

reported and to be mediated indirectly by miR-29, miR-146a and miR-142-3P385,552–554. 

5.1.2. Immune cell type-specific regulatory mechanisms of interferon-gamma 

stimulation 

Besides these mechanisms considered to drive IFN-γ secretion in a more generalised 

fashion, cell-specific differences in IFN-γ regulation between different immune cell subtypes 

have also been reported. IFN-γ secretion in NK cells is potently induced by IL-2 and IL-12 and 

potentiated by TNF555,556. Another cytokine shown to promote IFN-γ expression in NK and γδ 

T cells is the alarmin interleukin-33 (IL-33)557. iNKT cells have also been reported to release 

IFN-γ upon binding to IL-12558. Notably, iNKT cells have been observed to secrete IFN-γ in a 

TCR-independent fashion and to do so in response to DC-derived IL-12 in the absence of 

CD1d-presented antigen559. Induction of IFN-γ production in CD11ahiCD16/CD32hi B cells is 

dependent upon IFN-γ receptor, T-bet expression, and furthermore requires active Bruton’s 

tyrosine kinase, which is activated via NF-κB, IL-1β and CD40-CD40L signalling560. 
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5.1.3. Interferon-gamma stimulation in CD8+ T cells 

Interestingly, unlike for TH1 cells, expression of IFN-γ by CTLs as well as their production of 

perforin, granzymes, TNF and IL-2, is independent of T-bet and requires the T-bet paralogue 

Eomes240,561, which is induced by TCR stimulation385. However, as previously mentioned, CTLs 

are not the only CD8+ T cell subset reported to secrete IFN-γ. Rapid IFN-γ secretion by 

activating CD8+ T cells has been previously demonstrated to occur within only a few hours of 

lipopolysaccharide (LPS) injection526 or bacterial or viral infection379,502,562,563, in an innate-like, 

non-antigenic specific fashion that is typical of other innate-like T cell subsets residing in 

peripheral tissues, such as NKT cells and mucosal-associated invariant T cells.  

This mode of cytokine-mediated, so-called “bystander activation” of CD8+ T cells was first 

recognized in 1996 in a study demonstrating that poly(I:C) injection-induced type I IFN 

production, which promoted the proliferation and expansion of a diverse number of 

polyclonal CD8+ T cells independently of TCR and antigen specificity564. Follow-up studies have 

linked bacterial products such as LPS also to non-antigen-specific T cell stimulation565, and 

subsequent research revealed that type I IFNs indirectly regulate the antigen-independent 

proliferative capacity of memory CD8+ T cells via the production of IL-15566. Other groups, 

using murine models of viral infections with LCMV, and vaccinia virus confirmed the activation 

of antigen nonspecific T cells but concluded that bystander activation lacked biological 

significance567–569, a notion that is currently heavily contested570. 
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Figure 50. Interferon-gamma (IFN-γ) secretion by CD8+ T cells. Previous studies have shown that IFN-γ may be driven by 
either TCR or cytokine signalling or a combination of these triggers, both of which lead to upregulation of the activation 
marker CD69.  

 

Rapid IFN-γ secretion by activating CD8+ T cells was observed to be independent of cognate 

antigen-TCR engagement and to be triggered in a cytokine-dependent, innate-like fashion 

early during infection. In the context of LM infection this mode of CD8+ bystander activation 

was suggested to be mainly driven by the pro-inflammatory cytokines IL-12, IL-18 and IL-15 

from LM-infected monocytes and macrophages70,502,562,571–573. Multiple studies have 

furthermore discovered these early IFN-γ-producing CD8+ cells to exhibit either an effector or 

memory phenotype, based on expression of the activation marker CD44, whilst a much lower 

percentage of antigenically naïve CD8+ T cells was reported to express IFN-γ upon cytokine 

activation70,574. The heightened responsiveness by effector and memory CD8+ T cells, as 

opposed to naïve CD8+ T cells, may result from selective expression of the IL-18 receptor70,575. 

Notably, memory CD8+ T cells were shown to display a gradual reduction in the expression of 

IL-12 and IL-18 receptors following initial antigen stimulation, which is consistent with an 

observed reduced ability to be activated by bystander signals, which was reversed upon 

repeated antigen stimulation576. Of note, a few studies also observed rapid cytokine-
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independent IFN-γ expression in naïve CD8+ T cells upon TCR stimulation379,577. However, it is 

important to highlight that these studies were conducted exclusively on the monoclonal, 

transgenic level using OT-I T cells. 

It also important to highlight in this context, that in all of the aforementioned studies, rapid 

IFN-γ secretion was not a uniformly observed phenomenon. To the contrary, only a relatively 

small percentage of (mostly CD44hi) CD8+ T cells have been shown to express IFN-γ following 

cytokine-mediated activation. What sets those cells apart from others has remained elusive, 

but it does indicate that a particular CD8+ T cell subset acts as primary producer of CD8+ T cell-

derived IFN-γ early during the response. Indeed, more recent studies reported that IL-12 and 

IL-18 elicit rapid cytokine production and even bystander killing in an antigen-independent 

manner from a particular subset of CD8+ T cells known as virtual memory T cells578–580, which 

will be described in more detail after a brief introduction of the cytokines IL-12, -18 and -15. 

5.1.4. The cytokines interleukin-12, -18 and -15 

5.1.4.1 Interleukin-12 

The IL-12 family of cytokines are primarily secreted by cells of myeloid origin in response 

to inflammatory stimuli, such as microbial products or fungal infections, and execute a range 

of proinflammatory and immunosuppressive function581. Whilst belonging to the type 1 

hematopoietin family of cytokines, IL-12 family members are unique in that each member is 

comprised of heterodimers, in which either the α or β subunit is shared with other receptor 

complexes547. The functionality of each respective cytokine and cytokine receptor ranges 

from pro- to anti-inflammatory in a host of pathological and physiological conditions.  

IL-12 consists of the subunits p35 and p40 and acts primarily on NK cells and T cells582,583. 

Binding of the subunits IL-12Rβ1 to IL-12Rβ2 forms the IL-12 receptor complex583,584. Upon 
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ligation, IL-12Rβ1 binds to Tyrosine kinase 2 (Tyk2) whilst IL-12Rβ2 binds to JAK2. Tyk2 and 

JAK2 then phosphorylate tyrosine residues primarily on STAT4. Ultimately, the STAT4 complex 

translocates to the nucleus and binds to the IFN-γ promoter. Additionally, Jun oncogene (c-

Jun) is also recruited to the IFN-γ promoter via STAT4585–587, potentiating IFN-γ transcription, 

and TH1 differentiation in CD4+ T cells. IL-12 can furthermore promote expression of IRF1 and 

IRF4 in a STAT4-dependent manner588,589.  

Next to its role in TH1 differentiation, IL-12/IL-12R was additionally shown to promote T-

cell proliferation and adhesion during activation, at least partly through enhancing interleukin 

2 receptor α (IL-2Rα) expression by recruiting STAT4 and c-Jun to the promoter of IL-2R590,591. 

IL-12-induced STAT4 activation also culminates in P-selectin ligand formation, which 

augments T cell adhesion during differentiation592–595. Productive IL-12/IL-12R signalling 

furthermore triggers both positive and negative feedback mechanisms which can either 

strengthen or reduce IL-12 signalling, respectively596–598.  

5.1.4.2 Interleukin-18 

IL-18 was initially discovered as an IFN-γ-inducing factor in TH178 and is produced and 

accumulates in the cytoplasm as a biologically inactive precursor (pro-IL-18), which requires 

proteolytic processing by caspase-1 for its secretion in an active form599. IL-18 is mainly 

synthesised by activated macrophages and DCs, although production by other cell types has 

also been shown79. In addition to stimulating TH1 cells, IL-18 acts together with IL-12 to induce 

abundant IFN-γ production from memory CD8+ T cells70,526. Synergistic activity with IL-12 

furthermore promotes the proliferation of memory CD8+ T cells571.  
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Figure 51. Interleukin-12, -18 and -15 belong to distinct cytokine families. IL-12 belongs to the hemopoietin family of 
cytokines, while IL-15 is a member of the common γ chain receptor family and IL-18 a member of the IL-1 receptor family 
[Created with BioRender.com].  

 

 

5.1.4.3 Interleukin-15 

IL-15 belongs to a group of cytokines that signal through a common gamma-chain (cγ) 

cytokine receptor600 and is secreted by various cell types in response to microbial infection, 

as well as inflammatory and stress signals. It is trans-presented to NK or memory CD8+ T cells 

by the receptor IL-15Rα 601 and following IL-15 recognition by IL-15Rβ (CD122)-y-chain 

(CD132) heterodimeric receptors on NK or memory CD8+ T cells, three parallel downstream 

signalling routes are activated, including JAK-STAT, Ras-Raf-MEK-mitogen activation protein 

kinase (MAPK) and PI3K-AKT-mTOR pathways. Activation of these pathways subsequently 

stimulates the proliferation, survival and activation of NK and memory CD8+ T cells602,603. IL-

15 furthermore sensitizes memory CD8+ T cells to enhance effector functions induced by TCR 

stimulation604,605. In the absence of TCR stimulation, IL-15 can also activate memory CD8+ T 

cells to proliferate and exert effector functions606. Lastly, prolonged IL-15 exposure enables 

memory CD8+ T cells to acquire NK cell-like phenotypes and functions, including upregulated 



 165 

expression of NK cell receptors and enhanced cytotoxicity, indicated by high expression of 

CD107a, perforin and granzymes. IL-15-stimulated memory CD8+ T cells have also been shown 

to kill target cells in a NK cell-like manner570,607–609. 

5.1.5. Memory phenotype CD8+ T cells 

CD8+ T cells come in different flavours and are broadly differentiated into either antigen-

inexperienced, naïve CD8+ T cells or antigen-experienced effector or memory CD8+ T cells. 

However, multiple studies have revealed a wide range of phenotypic heterogeneity within 

the CD8+ T cell population and led to the discovery of various T cell memory subsets with 

distinct and specialised modes of action (Figure 52). Antigen-experienced true memory CD8+ 

T cells arise in mice in response to infection. However, unimmunized mice also contain CD8+ 

T cells with a memory phenotype (TMP), which are often termed virtual memory T cells (TVM), 

which was inspired by its use in computing, where virtual memory describes a form of working 

memory, based on alternative utilization of existing space610. 

TMP are classically described as displaying a CD44hiCD122hi phenotype611,612, and while 

several studies included TVM cells in this broader category, the majority of TMP cells in naïve 

C57BL/6J (B6) mice has been reported to comprise of TVM cells613, which are commonly 

classified as exhibiting a CD44hiCD122hiCD49dlow phenotype, with the consistently observed 

low expression of CD49d first described by Haluszczak and colleagues to be a hallmark of TVM 

cells610. Another population of TMP cells is known as innate-memory (TIM) CD8+ T cells, which 

share many features with TVM cells but are also distinct in others, most notably the 

dependence on IL-4 for their development611,614. A few publications prefer using the more 

general term TMP, whilst still mostly referring to TVM cells. However, to avoid confusion, the 

term TMP in the context of this thesis will be used to exclusively refer to the total population 
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of memory-phenotype CD8+ T cells, whereas we will use the term virtual memory CD8+ T cells 

to only refer to the specific memory phenotype subpopulation characterized by 

CD44hiCD122hiCD49dlow expression. Of note, an additional point of confusion in the field has 

been that TVM cells are also CD62Lhi, which has often led to misclassification of TVM cells as 

central memory CD8+ T cells, if CD49d is not included in the gating strategies613,615. 

 

Figure 52. Antigenically-naïve CD8+ T cells can be subdivided into distinct subpopulations. Based on the expression level 
of certain surface markers and transcription factors, such as CD44 and CD49d, different subpopulations of CD8+ T cells in 
antigenically-naïve mice have been defined, which display distinct features and functionalities [Created with 
BioRender.com].   

 

5.1.5.1 Virtual memory CD8+ T cells 

TVM cells comprise about 5-10% and 10-20% of the peripheral CD8+ T cell pool in the blood 

and spleen, respectively610,615. Memory T cells are known to exhibit multiple qualitative 

advantages over their naïve counterparts with respect to their functional versatility, speed of 

response, and capacity to migrate to multiple sites besides lymphoid tissues43. Consistent 

with their memory-like phenotype, TVM cells exhibit memory-like functionality. Compared to 

naïve cells, activation of TVM cells has been shown to occur more rapidly following stimulation 
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through their TCR, and their proliferation, cytokine secretion and cytotoxic qualities have 

been reported to follow similar kinetics and efficiencies as shown for conventional antigen-

experienced memory CD8+ T cells579,616,617, which reflects the fact that, similar to antigen-

experienced memory CD8+ T cells, TVM cells exhibit a poised state for entry into cell cycle579 

and poised epigenetic profiles at the transcriptional start sites for many effector genes618. 

However, notably, while effector T cells derived from naïve CD8+ T cells are known to be multi-

functional619, effector CD8+ T cells derived from TVM cells have been observed to be 

predominantly monofunctional, and to secrete IFN-γ alone with limited TNF without 

expression of any IL-2616. Another interesting feature of effector cells derived from TVM cells 

is their propensity to differentiate into SLECs579, and to contract significantly upon resolution 

of the infection579, whereas contrastingly effector cells derived from naïve cells display a 

higher propensity of differentiation into MPECs579. This propensity towards a monofunctional, 

SLEC-like profile observed in effector TVM cells was suggested to be another reflection of their 

semi-differentiated state prior to stimulation615. In addition, TVM cells also exhibit heightened 

responsiveness to cytokines, particularly to IL-12, IL-18 and cγ cytokines610,615, inducing rapid 

IFN-γ secretion. Altogether indicating that TVM cells may represent a specialised CD8+ T cells 

capable of mediating innate-like responses in a cytokine-driven fashion.  

The precise functional role of TVM cells remains elusive, but it is thought that TVM cells may 

offer a significant immunological advantage in newborns by providing a critical level of 

memory-like, protective capability without prior exposure to pathogens615. Neonates must 

first survive a period of lymphopenia with few adaptive immune cells and then survive 

without the protection of established antigen-specific memory populations. By bridging the 

gap between innate and adaptive, TVM cells are potentially capable of providing both innate-

like and memory-like functionality during this period of immunological vulnerability615. In the 
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context of several bacterial and viral infection models, TVM cells have indeed been shown to 

be crucial for generating rapid protective immunity579,620–622. Taken together, it has been 

proposed that TVM cells may provide an additional layer of phenotypic and functional 

heterogeneity within naïve CD8+ T cell populations, ensuring that the pool of antigen-

inexperienced CD8+ T cells is intrinsically diverse in terms of both antigen-specificity and pre-

programmed response kinetics and functionality615,618.  

However, the ontogeny of TMP cells, including TVM cells, is still unclear, as are the exact 

mechanism that direct their role in the immune response to infection or cancer. CD8+ T cell 

memory is typically generated by responding to foreign antigen, but studies investigating 

extreme lymphopenia have shown already more than two decades ago that functional 

memory T cells can also be produced from naïve cells through homeostatic mechanisms that 

bypass conventional T cell activation by foreign antigen623,624. There is also evidence that 

homeostatic proliferation can occur in physiological circumstances of lymphopenia such as 

are found within unprimed neonatal mice625–627.  

TMP cells derived from homeostatic proliferation in the lymphopenic environment are also 

known as TLIP cells251,628, and their generation was shown to be mainly driven by IL-7 signalling 

and low-affinity TCR ligands151,629 and to be furthermore modulated by cytokines, such as IL-

2, IL-12 and IL-15630–632. In contrast, the naturally occurring TVM cell pool is believed to arise 

slowly over the weeks following birth in the periphery from conventional naïve cells578, in a 

process dependent upon IL-15 presentation by CD8α+ dendritic cells633. Given the pivotal role 

of IL-15 in TVM cells generation, high expression of IL-15Rβ (also known as CD122 or IL-2Rβ) 

can therefore also be used as another phenotypic marker of TVM cells615,633. It was 

furthermore shown that IL-4 signalling can expand TVM cell populations578,620,621,633, and that 

TVM cells express and maintain high levels of the IL-7 α chain (CD127), which is consistent with 
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a role in their survival615,616. Lastly, it was also suggested that type I IFNs contributes to the 

homeostasis and innate functions of TMP cells, both in the periphery and in the thymus, 

through inducing the expression of Eomes634.  

Innate memory CD8+ T (TIM) cells represent another population of TMP cells, which has been 

investigated in several studies. An important distinction to TVM cells is their dependence on 

IL-4, but not IL-15, for their development (reviewed here611,614). Additionally, TIM cells adopt 

a CD44hi memory phenotype in the thymus rather than in the periphery. TIM cells are observed 

in Balb/c mice and in some genetically deficient mouse strains with heightened IL-4 signalling. 

Apart from those reported differences, TIM cells are understood to share many phenotypic 

and functional characteristics with TVM cells, which highlights the importance of mouse strain 

selection and accurate use of phenotypic markers, when studying specific TMP-cell subsets615. 

Of note, recent findings635 suggest that TIM and TVM cells represent inherently distinct TMP 

subpopulations with separate ontogeny and antigen specificities. Thus, it is important to 

interpret earlier studies equating these two subsets cautiously. 

5.1.5.2 TCR signalling in TVM cells 

While the role of cytokines in the development and function of TVM cells has been 

reasonably well elucidated, the nature of their TCR and the role of TCR signalling in those cells 

remains controversial. TVM cells have been shown in a study by Haluszczak and colleagues to 

display a notable breadth of antigen specificities, and even though the frequency of TVM cells 

varied greatly within any given specificity, TMP cells were reliably found in unprimed animals 

for all of the foreign peptide-MHC ligands studied610, suggesting that the antigen specificity 

of TVM cells has similar diversity to the naïve pool. In addition, the precursor frequency of TVM 

cells responding to nominal foreign antigens was discovered to be proportional to the 
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frequency of naïve phenotype precursors, suggesting the absence of a severe bias in the TVM 

repertoire610. Multiple studies have provided strong support for the notion that the 

generation of TVM cells is not dependent upon exposure to environmental microbes or 

exogenous antigen578,580,610,616,636,637 

Current evidence furthermore suggests that naïve CD8+ T cells with higher basal TCR 

signalling and heightened self-reactivity may have a higher propensity to differentiate into 

TVM cells580,615–617,637,638. It was suggested that the threshold for this TCR signal may be higher 

than the tonic signal naïve T cells receive through their non-self-reactive TCRs that mediates 

their homeostatic survival, but below the threshold triggered by bona fide activation through 

cognate antigen binding615. TVM formation was furthermore suggested to be dependent on 

the induction of Eomes via low-affinity interaction with self-peptides252,638, with high 

expression of Eomes and Bcl-2 also observed in mature TVM  cells580,616. The recent discovery 

that high expression of Eomes endows low-affinity CD8+ T cell clones with a survival 

advantage during selection into effector and memory pools64 supports the notion that high 

levels of Eomes may be crucial for the successful generation of TVM cells. 

Summarising the current evidence615, Hussain and Quinn suggested a model of TVM cell 

generation, in which IL-15 signalling in the neonatal periphery  induces lymphopenia-induced 

proliferation and semi-differentiation in modestly self-reactive naïve CD8+ T cells to drive 

them towards a cytokine-driven, partial memory phenotype578,580,610,615. Of note, despite 

exhibiting potentially heightened self-reactivity, TVM cells have not been observed to 

compromise self-tolerance or enhance autoreactivity638.  

Two studies recently questioned this model. The first one showed that the neonatal 

thymus, rather than the peripheral lymphopenic environments, appears to be mainly 

responsible for the programming of certain T cells towards becoming TVM cells618, whereas 
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the second one635 demonstrated that TVM cell differentiation is triggered in a subset of T cells 

with distinct TCRs through recognition of self-ligands in the thymus, which is followed by a 

subsequent consolidation phase restricted to the periphery. Interestingly, such a two-step 

differentiation process has previously been shown to be required for the thymic 

differentiation of FoxP3+ regulatory T cells635,639. Notably, IL-15 signalling, while most likely 

contributing to TVM cell differentiation and survival580,633, was shown to be insufficient in 

directing TVM cell differentiation in unimmunized mice. Only select CD8+ T cell clones adopted 

the TVM cell phenotype within the endogenous repertoire based on TCR specificity. However, 

these findings do not exclude the possibility that TVM may still be reactive to any given foreign 

pMHC-I complex578,610 with innate-like effector functionality579,610, as it is conceivable that TVM 

cells reacting to foreign antigen in unprimed mice may represent cross-reactive TVM cells, 

selected on self-pMHC-I ligands but responsive to foreign antigens due to the inherent 

plasticity of TCR-pMHC ligand recognition3.  

Of note, most of the studies discussed so far have been predominantly carried out in mice. 

However, it is important to highlight that a putative TVM cell has been identified in humans640, 

which is naïve-like, in that they express CD45RA, but also expresses Eomes and NK cell 

receptors, including NKG2A and/or KIR3DL1 and KIR2D, while also lacking expression of CCR7 

and CD27580,640. Human TVM cells have furthermore been shown to share many features with 

murine TVM cells640616 and to exhibit innate-like immune functions during infection641. 

Complicating the study of TVM cells in various contexts is that a core signature for both 

mouse and human TVM cells across the lifespan remain to be identified. Reviewing the 

available data so far, Pribikova and colleagues suggested in 2018 that the only candidate 

marker, identified to be specifically upregulated in TIM/TVM cells in comparison to naïve, 

memory and effector T cells, is Drc1 (also known as Ccdc164)642. However, evidence on the 
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protein levels is still missing. Nevertheless, the expression pattern of Dcr1, CD49d and 

NKG2D/Klrg1 was suggested to distinguish TIM/TVM cells clearly from true memory T cells, and 

to allow for their unambiguous identification in transcriptomic studies642.  

 

Figure 53. Current model of TVM generation. Hussain and Quinn recently suggested a model of TVM generation, in which 
the combined effects of cytokine and TCR signalling strength may lead to 3 main outcomes. (1) Naïve T cells are characterised 
by non-self-reactive TCRs and receive low cytokine signalling. (2) If cytokine signalling is high and CD8+ T cells have modestly 
self-reactive TCRs, Eomes and IL-15Rβ expression are upregulated, thus making T cells receptive to IL-15 and permitting their 
cytokine-driven differentiation. While cytokines such as IL-15, type I IFN, and IL-4 all augment Eomes expression to potentiate 
IL-15 signalling and differentiation, each cytokine may engage additional pathways to result in subtly distinct phenotypic TMP 
profiles of TVM (IL-15, type I IFN), TIM (IL-4) and TLIP (IL-7) cells. (3) Cognate antigen encounter along with a degree of cytokine 
signalling will trigger differentiation into a variety of conventional memory cells. Of note, recent studies618,635 add important 
caveats to this model and suggest that developing T cells may already be programmed in the thymus to differentiate into 
TVM cells in the periphery. TMP = memory phenotype T cells, TVM = virtual memory T cell, TIM = innate memory T cells, TLIP = 
Lymphopenia-induced proliferation-derived T cell [Created with BioRender.com, adapted from Hussain and Quinn 2018615]. 

 

5.1.5.3 CD44 and CD49 as hallmark markers of TVM cells 

Murine virtual memory CD8+ T cells are commonly differentiated from other CD8+ T cell 

subtypes by high expression of CD44 and low expression of CD49d. These two markers reflect 

the semi-differentiated state of TVM cells, as CD44 is rapidly upregulated on TCR- and cytokine-

mediated stimulation, while CD49d upregulation requires more sustained, robust TCR 

stimulation from cognate antigen615.  
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CD44 is a carbohydrate-binding type I transmembrane protein that is the product of a 

single gene and is represented by a family of six isoforms that arise by mRNA splicing of 10 

variably expressed exons643, which can furthermore be glycosylated to introduce additional 

molecular heterogeneity on various cell types644. CD44 is constitutively expressed on the 

surface of many cell types, including resting T cells, which exclusively express the invariant or 

standard form. Most biological and signalling function of CD44 are associated with binding of 

the primary ligand, hyaluronic acid (HA), which is an integral part of the extracellular 

matrix645. Activated T cells upregulate surface CD44 expression in the earliest phases of clonal 

expansion and maintain high expression permanently thereafter. As such, CD44 is the most 

widely used indicator of prior antigen exposure. CD44 is best known as a critical regulator of 

biological processes involving migrating cells, including the recruitment of effector T cells and 

other leukocytes to sites of infection643. Besides its functional role in the migration of cells, 

multiple studies have also shown its critical involvement in the activation, differentiation and 

homeostasis of T cells  recently reviewed here645).  

CD49d (also known as the α4 chain integrin) on the other hand constitutes one of the chains 

of α4β1 (very late activating antigen-4 [VLA-4]) and α4β7 integrins and mediates migration of 

T cells to extravascular spaces and into sites of inflammation646. Naïve cells express low levels 

of CD49d, which is upregulated upon antigen stimulation and typically remains high on the 

ensuing memory population647–649. 

5.1.6. Context and aim of this chapter 

We have shown in the previous chapter that CD8+ T preferentially receive IFN-γ from other 

CD8+ T cells, and next sought to explore the signalling factors that induce IFN-γ expression in 

those cells. Additionally, given that only a small fraction of responding CD8+ T cells secreted 
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IFN-γ upon activation, we aimed to characterize this subset of early IFN-γ-producing CD8+ T 

cells more thoroughly. To this end, we (1) characterized IFN-γ-producing CD8+ T cells 24 hours 

post-infection by both flow-cytometric and scRNA-seq analysis, (2) investigated the triggers 

of IFN-γ-expression in CD8+ T cells, both in vitro and in vivo and (3) studied if additional 

licensing may be required to facilitate in vivo activation of this particular subset of IFN-γ-

producing CD8+ T cells. 

  



 175 

5.2. Results  

5.2.1. Characterization of interferon-gamma-producing CD8+ T cell subtypes 24 hours 

post-infection 

To investigate the relative contribution of the different CD8+ T cell subpopulations to the 

IFN-γ that is produced shortly after activation, we infected GREAT mice with either LM-OVA 

or LM-gp33 (Figure 54A) and characterized IFN-γ+ CD69+ CD8+ T cells 24 hours post-infection 

(Figure 54B). Two different L. monocytogenes strains were used to rule out the possibility that 

the obtained results are somewhat skewed by antigenic bias. Notably, all IFN-γ+ CD8+ T cells 

display very high CD69+ expression (Figure 54C), indicative of very potent activation. 

Comparing naïve with infected mice, we did not observe any differences in the relative 

frequency of the different subsets amongst the total CD8+ T cell population, based on CD44 

and CD49d expression (Figure 54E and F). We furthermore observed a similar frequency of 

IFN-γ+ CD8+ cells after infection with the two different antigens (Figure 54D). Gating on the 

different subpopulations, it became apparent that only TVM and true memory (TM) cells 

secrete IFN-γ at this early time point, with up to 30% of TVM cells expressing IFN-γ 24 hours 

post-infection, and up to 20% of TM cells secreting IFN-γ at this time IFN-γ (Figure 54G). 

Notably, gating on activating IFN-γ+ CD8+ T cells we discovered that the vast majority (up to 

70%) belong to the TVM subpopulation (Figure 54H). We concluded that the majority of IFN-γ 

secretion by CD8+ T cells at this early time point stems from TVM cells. Of note, we also 

investigated if CD8 IFN-γR KO and CD8-Cre control mice differ in their composition of CD8+ T 

cell subpopulations but did not detect any differences in relative frequency (data not shown). 
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Figure 54. Virtual memory CD8+ T cells are the main producers of early interferon-gamma (IFN-γ). (A) GREAT mice were 
infected with either LM-OVA (red) or LM-gp33 (pink) and IFN-γ expression was evaluated 24 hours post-infection. (B, C) 
Representative flow plots of CD69 and IFN-γ expression. (D) Quantification of relative abundance of IFN-γ-secreting CD8+ T 
cells. (E, F) Representative flow plots (E) and quantification (F) of relative abundance of CD8+ T cell subpopulations. (G) 
Quantification of IFN-γ expression by CD8+ T cell subsets. (H) Quantification of phenotyping of IFN-γ+ CD8+ T cell subsets. 
Data are representative of 3 (n = 3 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d. 
Comparison between groups was calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; 
NS, not significant. 



 177 

We next sought to study the kinetics of IFN-γ-secretion by CD8+ T cell subpopulations 

throughout the priming phase of the response. Phenotyping the activated IFN-γ+ CD8+ 

population at different time points revealed that 12-16 hours post-infection both memory 

and TVM cells contributed nearly equally to the pool of IFN-γ-secreting CD8+ T cells (Figure 55A 

and B). Of note, as shown also in the previous chapter (p.133), at those early time points the 

percentage of IFN-γ-producing CD8+ T cells is very small  (Figure 55C). A sizeable percentage 

of activated CD8+ T cells producing IFN-γ emerges 24 hours post-infection, and from this time 

point onwards the vast majority of these cells also belong to the TVM subpopulation, whose 

relative contribution even slightly increases up to 48 hours post-infection (Figure 55B). 

 

Figure 55. TVM CD8+ T cells are the main producers of interferon-gamma (IFN-γ) throughout the priming phase. (A) 
Schematic of CD8+ T cell subpopulation gating strategy at different time points post LM-OVA infection. (B) Quantification of 
IFN-γ secretion by CD8+ T cell subpopulations at different time points. (C) Kinetics of IFN-γ secretion by CD69+ CD8+ T cells 
post LM-OVA infection. Data are representative of 3 (n = 3 x 3 technical replicates) independent experiments. Error bars 
indicate the mean ± s.d.  

 

5.2.2. Characterization of interferon-gamma+ cells 24 hours post infection by scRNA-seq 

Having shown that TVM cells comprise the majority of IFN-γ-secreting CD8+ T cells during 

the early phase of the immune response to L. monocytogenes infection, we next sought to 
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investigate this subset in more depth. To this end, we isolated CD8+ T cells 24 hours post-

infection and sent them for single-cell RNA-sequencing by 10x Genomics, together with CD8+ 

T cells isolated from naïve mice used as control cells. Unbiased hierarchical clustering 

confirmed that the vast majority of CD8+ T cells 24 hours post-infection displays a naïve 

phenotype, with TVM and memory CD8+ T cells forming their own distinct clusters (Figure 56A). 

Analysing average gene expression revealed that TVM cells share features with naïve T cells 

(TN), such as upregulation of Ccr7 and Sell (encoding for CD62L) and downregulation of Cx3cr1, 

and memory T cells (TM), such as expression of Cd44, Eomes and Cxcr3 (Figure 56B). 

Analysing IFN-γ expression validated our previous results obtained by flow cytometry and 

confirmed that TVM cells comprise the predominant subpopulation of IFN-γ+ CD8+ T cells 24 

hours post-infection (Figure 56F). Notably, the average IFN-γ expression of TVM cells 

furthermore exhibits a much higher fold change compared to memory CD8+ T cells (Figure 

56E), indicating much more potent induction of early IFN-γ production. Evaluating gene 

expression pathways more in depth did not show a strikingly distinct transcriptomic profile 

for TVM cells.  

Kyoto encyclopaedia of genes and genomes (KEGG) analysis revealed “viral protein 

interaction with cytokine and cytokine receptor”, “cytokine/cytokine receptor interaction” 

and “cell adhesion molecules” as the dominant cellular pathway in TVM cells, which 

overlapped with TN cells (Figure 56H). The data furthermore suggested that TCR signalling has 

been initiated in both TN and TVM cells, as opposed to memory cells. Notably, TVM cells were 

unique in their expression of genes related to antigen processing and presentation (Figure 

56H). How those genes are involved in TVM functionality remains to be further investigated. 
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Figure 56. Single-cell RNA sequencing (scRNA-seq) of CD8+ T cells 24 hours post-infection. (A) Unbiased hierarchical 
clustering (UMAP) analysis of CD8+ T cells. Clusters high in Ccr7, Sell and Lef1, but devoid of Cd44, Eomes were labelled as 
naïve, whereas clusters with memory features (high Cd44 and Eomes expression and low expression of Ccr7, Sell and Lef1) 
were labelled as memory. The third cluster which was high in Cd44, Eomes and also Il2rb expression and devoid of Itga4 
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(CD49d) expression was labelled as virtual memory. (B, C) Analysis of average gene expression. (D) IFN-γ expression levels. 
(E) Average fold change in expression of IFN-γ. (F) Phenotyping of IFN-γ-secreting CD8+ T cells. (G) Gene set enrichment 
analysis (GSEA). (H) Kyoto encyclopaedia of genes and genomes (KEGG) pathways analysis. (I) Gene ontology (GO) pathways 
analysis. Data are representative of 1 independent experiment.  

 

Gene ontology (GO) analysis identified 6 cellular functions as significantly increased in both 

naïve T cells and TVM cells, including “Cytokine binding”, “Cytokine receptor activity”, 

“Immune receptor activity”, “Cell adhesion molecule binding”, “Chemokine binding” and “C-

C chemokine binding” (Figure 56I). Three of those (“Cytokine receptor activity”, “Immune 

receptor activity” and “Chemokine binding”) were also shared with memory cells. Lastly, gene 

set enrichment analysis (GSEA) showed that the most highly enriched gene sets in TVM cells 

belong to the interferon alpha and gamma responses and targets of the cell cycle-regulating 

proto-oncoprotein Myc273 (Figure 56G). 

Of note, highlighting the IFN-γ+ fraction of CD8+ T cells within the subpopulation clusters 

revealed that IFN-γ+ cells form their own sub-clusters within the TVM and memory 

subpopulations, indicating that they may be distinct subsets (Figure 57A). Studying the 

integrin (Figure 57B) and chemokine (Figure 57C) profiles of the different populations showed 

that TVM cells are more alike naïve than true memory cells. Shared downregulated integrin 

genes include Itgal, Itga1, Itga2, Itga7 and Itga9, as well as Itgb3, Itgb5 and Itgb7. Shared 

downregulated chemokine/chemokine receptor genes include Xcr1, Cxcr1, Ccr2, Ccr6, Ccr10 

and Cxcr6. Notably, our scRNA-seq data revealed TVM cells to highly express Cxcr5, which is 

associated with the stemness in CD8+ T cells during chronic infections and cancer650–652, and 

which has also been shown by a recent study653 to be a feature of TVM cells. Altogether, our 

data suggest that naïve and virtual memory T cells may be located in the same 

microenvironment as naïve T cells, and we hypothesise that close proximity to naïve T cells 

may allow TVM cells to play a critical role in regulating naïve T cell behaviour in response to 

infection. 
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Figure 57. Single-cell RNA sequencing (scRNA-seq) of CD8+ T cells 24 hours post-infection. (A) Unbiased hierarchical 
clustering (UMAP) analysis. (B, C) Average gene expression analysis of integrin and chemokine/chemokine receptor 
expression in naïve, virtual memory (TVM) and true memory (TM) CD8+ T cells. Data are representative of 1 independent 
experiment.  

 

 

5.2.3. NKG2D activity is dispensable for interferon-gamma production by TVM cells 

Having identified virtual memory T cells as the primary producers of early IFN-γ, we next 

sought to explore the inducing factors driving early IFN-γ expression in those cells. Based on 

previous studies demonstrating a critical role for natural killer (NK) group 2D (NKG2D) in the 

licencing of memory CD8+ T cells to express effector cytokines563, as well as previous reports 

demonstrating that TVM cells express the innate receptor NKG2D580,615, we hypothesised that 

NKG2D binding may induce IFN-γ expression by TVM cells.  
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Figure 58. TVM cells are not characterized by high NKG2D expression during priming. (A) GREAT mice were infected with 
LM-OVA and NKG2D expression was evaluated at different time points post-infection. (B, C) Representative flow plots (B) 
and analysis (C) of NKG2D expression. (D) Quantification of NKG2D+ CD8+ T cell phenotyping. Data are representative of 3 (n 
= 3 x 3 technical replicates) independent experiments. Error bars indicate the mean ± s.d. 

 

NKG2D, encoded by KLRK1, is one of several innate-like receptors, which have been 

identified on T cells286 (reviewed here654). NKG2D is a type II transmembrane protein, which 

serves as an activating receptor capable of binding several diverse non-classical MHC I-like 

ligands including human MHC class I polypeptide-related sequence A (MICA), MICB, UL16 

binding proteins (ULBPs), murine ribonucleic acid export 1 (RAE1), histocompatibility 60 

(H60), and murine UL16-binding protein-like transcript (MULT) proteins655. These ligands 



 183 

possess elements of heat shock promoters and are generally absent in uninfected hosts but 

can become upregulated as a consequence of stress conditions, such as bacterial or viral 

infections656. STAT-dependent cytokines such as IL-2657, IL-7658, IL-12383 and IL-15572,659 have 

been shown to upregulate NKG2D protein expression in both naïve and memory CD8+ T cells 

in the absence of TCR signalling. It has furthermore been suggested that NKG2D mediates a 

costimulatory function In CD8+ T cells in the presence of TCR engagement658,660,661, and 

signalling downstream of NKG2D-NKG2DL interactions have been hypothesised to regulate 

the activation of antigen-stimulated effector/memory T cells in the local tissue 

environment662,663, and to be linked to increased memory CD8+ T cell function independently 

of CD4+ T cell help664. In addition, engagement of TCR and NKG2D has been revealed to result 

in enhanced cytokine production and proliferation in effector662 and memory CD8+ T 

cells660,661. Lastly, NKG2D signalling can also elicit cytolytic function in the absence of TCR 

engagement665 and has been shown to be involved in antigen-independent killing of infected 

target cells by antigen-experienced memory T cells563.  

We first decided to measure the expression kinetics of NKG2D in activating CD8+ T cells 

throughout the priming phases of the response (Figure 58A, B and C). Expression of NKG2D 

spiked around 16 hours post-infection before decreasing again and returning to baseline 

levels 48 hours post-infection. Analysing expression by subpopulation revealed that it is 

predominantly memory CD8+ T cells which upregulate NKG2D, while TVM cells do not display 

a significant upregulation in expression of this surface protein (Figure 58D).  

We concluded that licencing of TVM cells is most likely not regulated by NKG2D binding. 

Our data align with a recent report, which showed that true memory cells can be 

distinguished in mice from memory phenotype T cells by surface expression of NKG2D, with 

NKG2D surface expression being restricted to true memory CD8+ T cells. The authors noted 
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that while TVM cells express higher levels of mRNA encoding NKG2D compared with naïve 

cells, they are mostly NKG2Dneg at the protein level666.  

5.2.4. Interferon-gamma expression requires both TCR and cytokine signalling in vitro 

After excluding NKG2D as a trigger of IFN-γ production by TVM cells, we decided to elucidate 

the factors that induce IFN-γ expression in TVM cells more thoroughly in vitro. Earlier studies 

have suggested that IFN-γ can be produced by CD8+ T cells in an innate-like fashion early 

during LM infection upon cytokine-mediated activation through IL-12 and IL-18502,562. To 

investigate the priming factors inducing IFN-γ production by antigenically naïve, endogenous 

CD8+ T cells, IFN-γ secretion in CD8+ T cell upon stimulation with several different stimuli was 

examined in vitro. CD8+ T cells were isolated from the lymph nodes and spleens of naïve, 

unprimed GREAT mice and incubated overnight with the TCR and co-stimulatory agonists, 

anti-CD3ε/-CD28 (referred to hereafter simply as “TCR stimulation”), and/or inflammatory 

cytokines (Figure 59A).  

Expression of IFN-γ was evaluated the next day by flow cytometry analysis of eYFP 

expression (Figure 59B). Our first experiment aimed to assess the IFN-γ inducing effects of 

the previously reported cytokines IL-12 and IL-18, and to test if IFN-γ induction requires 

additional TCR triggering. While we did not observe any IFN-γ expression upon TCR activation 

alone, potent expression was measured when adding the two cytokines to the stimulation 

mix (Figure 59C). IL-12 and IL-18 alone only triggered comparatively minor IFN-γ secretion, 

and the same result was obtained when adding them in combination (Figure 59D).  

Higher IFN-γ levels were detected upon combined TCR + IL-12 + IL-18 stimulation than for 

TCR + IL-12 or TCR + IL-18 stimulation summed together, indicating that potent IFN-γ 

induction may not simply result from the additive effects of cytokine receptor signalling, but 
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may likely involve the induction of additional feedback mechanisms (Figure 59C). Of note, the 

levels of IFN-γ secretion also corresponded with the expression levels of the T cell activation 

marker CD69 of IFN-γ+ CD8+ T cells (data not shown), suggesting that IFN-γ production 

requires CD8+ T cell activation, either directly through TCR engagement or indirectly via 

cytokine stimulation. Additionally, we also studied if there is a specific sequence to the 

signalling events by adding each additional stimulus 6 hours apart from each other, but no 

differences in IFN-γ production were observed upon testing different stimulation sequences 

and sequence combinations (data not shown).  

Next, we sought to study the IFN-γ-inducing effect of the integrin ICAM-1. LFA-1 has been 

reported to enhance CD8+ T cell activation and IFN-γ production through sustaining TCR-

activated ERK signalling and by additionally directly activating ERK667. LFA-1-mediated IFN-γ 

induction was also observed in other innate T cell subsets, with high ICAM-1 density shown 

to be sufficient for driving IFN-γ production in the absence of TCR stimulation668. When 

examining the contribution of ICAM-1 alone, we measured only very low levels of IFN-γ 

expression in stimulated cells (Figure 59D). However, despite leading to much less potent IFN-

γ induction that was observed for TCR + IL-12 + IL-18 stimulation, ICAM-1 appeared to 

synergize with TCR stimulation to drive IFN-γ secretion (Figure 59D). Notably, this synergistic 

effect was lost when adding IL-12 and IL-18 to the stimulation mix. We concluded from these 

data that ICAM-1, albeit displaying synergy with TCR signalling, is unlikely to be a major 

contributing factor to early IFN-γ production. 
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Figure 59. Interferon-gamma (IFN-γ) expression in CD8+ T cells requires both T cell receptor (TCR) and cytokine 
signalling. (A) CD8+ T were isolated from GREAT mice by negative selection and stimulated in vitro with either TCR or cytokine 
stimuli or a combination of both. (B) Representative flow plots of CD69 and IFN-γ expression. (C, D, F, E) Quantification of 
IFN-γ expression by CD8+ T cells following TCR and/or IL-12 and/or IL-18 stimulation (C), TCR and/or IL-12 and/or IL-18 and/or 
ICAM-1 stimulation (D), TCR and/or IL-12 and/or IL-18 and/or TNF and/or IL-15 and/or Type I IFN stimulation (E), TCR and/or 
IL-12 and/or IL-18 and/or IL-2 stimulation (F). (G) Quantification of live CD8+ T cells. Data are representative of 5 (n = 3 x 2 
technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was 
calculated using a Two-way ANOVA and Šidák’s multiple comparison test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 
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5.2.5. IL-2, IL-7 and IL-15 enhance interferon-gamma secretion by CD8+ T cells in vitro 

A functional synergistic role for early IFN-γ secretion in CD8+ T cells has also previously 

been revealed for IL-2502, and we therefore decided to test its potential contribution to early 

IFN-γ production by CD8+ T cells. Notably, reduced IFN-γ secretion was observed when adding 

IL-2 on its own, regardless of whether additional TCR stimulation was provided 

simultaneously (Figure 59F). However, when being paired with TCR + IL-12 + IL-18 stimulation, 

potent IFN-γ induction was observed (Figure 59F). The enhanced IFN-γ secretion was unlikely 

to result from heightened CD8+ T cell activation, as the levels of CD69 were only marginally 

different across these conditions, indicating similar degrees of cell activation (Figure 60D). 

Notably, observing this effect required a relatively high dose of IL-2 (100 U/mL). In contrast, 

a lower dose (10 U/mL) did not induce any synergistic effect on IFN-γ induction (data not 

shown). This may be, at least partly, due to the relatively low responsiveness of naïve CD8+ T 

cells to IL-2 in overnight incubation, as CD25, the high-affinity subunit of the IL-2 receptor 

complex, remains minimally expressed during the early stage of T cell priming, and displays 

marked upregulated following 2 days of TCR stimulation209.  

We then decided to further investigate the potential role of a range of additional cytokines. 

Cytokines were selected based on earlier studies that characterised the cytokine milieu of LM 

infection 24 hours post-infection, as well as preliminary single-cell transcriptomic data 

showing elevated expression of specific cytokine receptors on TVM cells (data not shown). 

Based on these criteria, TNF, IL-1β, type I IFNs, IL-7, IL-15 and IL-33 were tested for their 

effects on IFN-γ production, both individually and in various combinations.  

Using the combination with the most IFN-γ-inducing effect (TCR stimulation paired with IL-

12 + IL-18 stimulation) as a positive control, the effects of other inflammatory cytokines were 
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subsequently assessed. When added to CD8+ T cells individually in the absence of TCR 

stimulation, none of TNF, IFN-α, IFN-β or IL-15 was able to induce IFN-γ secretion beyond that 

of the unstimulated naïve control (Figure 59E). Testing TNF, IFN-α and IFN-β in combination 

with each other, as well as paired with TCR + IL-12 + IL-18 stimulation did not result in 

enhanced IFN-γ production in any of the conditions tested (data not shown). Similar results 

were obtained for IL-33, which was suggested to enhance IFN-γ secretion669 but did not have 

a discernible effect when being tested in our in vitro system (data not shown). The role of the 

pro-inflammatory cytokine IL-1β was also tested, whose receptor belongs to the same 

receptor family as IL-18 (see also p.162). However, no effect on IFN-γ production was 

observed, neither when added individually or in combination with other cytokines or TCR + 

IL-12 + IL-18 stimulation (data not shown).  

Of all these cytokines tested, only IL-15 appeared to promote IFN-γ inducing effects of TCR 

+ IL-12 + IL-18 stimulation, albeit to a lesser extent than our positive control (Figure 59E). The 

receptors for IL-2 and IL-15 are both members of the common γ chain family, to which also 

IL-7 belongs. Having already shown that both IL-2 and IL-15 display a synergistic effect on IFN-

γ induction when added to TCR + IL-12 + IL-18 stimulation, we next studied the contribution 

of these three cytokines in more detail.  

Notably, all three cytokines significantly enhanced IFN-γ induction by TCR + IL-12 + IL-18 

stimulation when added as an additional stimulus (Figure 60A, B and C). This synergistic effect 

was again unlikely to result from increased CD8+ T cell activation, as CD69 levels differed only 

marginally between conditions (Figure 60D). All three cytokines also enhanced the IFN-γ-

inducing effect of combined IL-12 + IL-18 in the absence of TCR signalling, reaching a similar 

level as our positive control (Figure 60A, B and C). However, given the markedly increased 

CD69 level relative to IL-12 + IL-18 stimulation, elevated IFN-γ production in these conditions 
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may simply reflect a higher proportion of activated CD8+ T cells rather than increased IFN-γ 

expression on a single-cell level. 
 

 

Figure 60. Interleukin-2 (IL-2), IL-7 and IL-15 enhance interferon-gamma (IFN-γ) production by CD8+ T cells. (A) 
Quantification of IFN-γ expression by CD8+ T cells following TCR and/or IL-12 and/or IL-18 and/or IL-2 stimulation. (B) 
Quantification of IFN-γ expression by CD8+ T cells following TCR and/or IL-12 and/or IL-18 and/or IL-7 stimulation. (C) 
Quantification of IFN-γ expression by CD8+ T cells following TCR and/or IL-12 and/or IL-18 and/or IL-15 stimulation. Data are 
representative of 5 (n = 3 x 2 technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison 
between groups was calculated using a Two-way ANOVA and Šidák’s multiple comparison test. *P<0.05; **P<0.01; 
***P<0.001; NS, not significant. 

 

 

5.2.6. CD44 and CD49d expression dynamics in vitro and in vivo 

Given that we identified TVM cells as the primary source of early CD8+ T cell-derived IFN-γ, 

it would have been intriguing to dissect the mode of activation and IFN-γ induction of TVM 

cells more in depth in vitro. However, we noted that the levels of CD44 varied drastically 

across experimental conditions following both overnight (24 hours) incubation and a reduced 
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incubation period of 16 hours (data not shown), which suggests that under certain conditions 

in vitro the expression of CD44 is rapidly upregulated following in vitro stimulation. The 

observed variation rendered its use as a phenotypic marker in this context unreliable. CD44 

induction within 24 hours after in vitro TCR-initiated signalling has been reported 

previously670 and rapid upregulation of CD44 expression on CD8+ T cells in vitro was observed 

to occur as early as 16 hours after activation337. 

It is reasonable to assume that expression kinetics after in vitro stimulation exhibit an 

advanced time course of activation compared with in vivo infection, and indeed CD44 

upregulation and downregulation of CD62L in CD4+ cells was reported to occur in vivo around 

day 4 post activation, once cells started to divide and at a time when early activation markers 

such as CD69, CD25 and Fas had disappeared100,671,672. CD49d upregulation on the other hand 

was also shown to require at least 2-6 cell divisions, depending on the pathogen100,646,672–674. 

Expansion of activating CD4+ and CD8+ T cells in vivo was reported to start around day 3-4 

post-infection675. Thus, a change in CD44 and CD49d upregulation should not be observed 

prior to that time.  

We sought to investigate the in vivo kinetics of CD44 and CD49d expression in our LM-OVA 

infection model to confirm that those markers can be relied upon to distinguish between the 

different CD8+ T cell subpopulations. Comparing IFN-γneg to IFN-γpos CD8+ T cells in infected 

mice confirmed that nearly all IFN-γpos cells are CD44+ (Figure 61B). Measuring CD44 

expression levels in naïve vs LM-OVA infected mice showed no significant differences, both in 

terms of the relative abundance of CD44pos and CD44neg CD8+ T cells (Figure 61B). Using mice 

of the same age and gender that have been co-housed in the same cage, we furthermore 

confirmed that there was no significant change in the distribution of the different subsets 
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between naïve and infected mice 48 hours post-infection (Figure 61E), indicating that CD44 

and CD49d are only upregulated after at least day 2 post-infection.  

 

Figure 61. CD44 and CD49 are suitable markers for CD8+ T cell phenotyping in vivo. (A, B) Representative flow plots (A) 
and quantification (B) of CD44pos cells amongst IFN-γpos or IFN-γneg CD8+ T cells 24 hours post-infection. (C, D) Representative 
flow plots (C) and quantification (D) of CD44pos and CD44neg CD8+ T cells. (F, G) Representative flow plot (F) and quantification 
of CD44 and CD49d expression kinetics during the effector phase of the response. Data are representative of 3 (n = 3 x 2 
technical replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was 
calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant 

 

Finally, we also measured CD44 and CD49d expression during the effector phase of the 

response. Phenotyping of IFN-γ+ CD8+ cells from day 3 post-infection onwards showed a clear 
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shift in surface expression of CD44 and CD49d (Figure 61G). Whilst the majority of IFN-γ+ cells 

at day 3 post-infection exhibited predominantly a CD44hiCD49dlo phenotype, a marked shift 

was observable from day 5 onwards towards a CD44hiCD49dhi phenotype, which gradually 

increased until day 9 (Figure 61G). We concluded that while not being a reliable marker in 

vitro due to rapid upregulation, CD44 and CD49d are suitable and reliable markers to 

distinguish between the different subsets in the early phases of the response. 

5.2.7. Interferon-gamma expression requires both TCR and cytokine signalling in vivo 

Our in vitro results have shown that early IFN-γ expression in CD8+ T cells relies upon both 

TCR- and cytokine-stimulation. We next sought to validate those findings in vivo. To evaluate, 

whether IFN-γ production is dependent on TCR stimulation in vivo, adoptive transfer 

experiments were conducted to assess the level of IFN-γ secretion by antigen-specific CD8+ T 

cells upon cognate or non-cognate antigen stimulation. CD8+ T cells from antigenically naïve 

GREAT OT-I mice were transferred into C57BL/6J (B6) mice carrying the CD45.1 congenic 

marker (Figure 62. One day post adoptive transfer host mice were infected with either LM-

OVA or LM-gp33. Their spleens were harvested 24 hours post infection and processed and 

stained for flow cytometric analysis of eYFP expression, which was again used as a surrogate 

marker for IFN-γ production. The activation marker CD69 was potently upregulated in both 

experimental conditions (Figure 62D), which could reflect either productive TCR engagement 

or cytokine stimulation or both. Of note, LM-gp33 infection even resulted in a higher 

percentage of CD69+ CD8+ T cells 24 hours post-infection, which may be due to differences in 

infectivity of the two strains (Figure 62D). However, IFN-γ expression in OT-I cells was only 

observed after infection with LM-OVA, while LM-gp33 did not elicit any detectable levels of 

eYFP expression (Figure 62E), confirming the requirement of cognate TCR-epitope interaction 
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for early IFN-γ induction in vivo. These findings were also reproduced using CD8+ T cells from 

a different TCR transgenic mouse strain, P14, in which CD8+ T cells express a transgenic TCR 

specific for the LCMV-derived peptide gp33. As observed previously, only under conditions of 

cognate antigen stimulation was IFN-γ secretion measurably induced in adoptively 

transferred TCR transgenic CD8+ T cells (Figure 62E), whilst transferred CD8+ T cells displayed 

potent CD69 upregulation in all tested conditions (Figure 62D). 

 

Figure 62. In vivo interferon-gamma (IFN-γ) induction in CD8+ T cells requires T cell receptor (TCR) and cytokine 
signalling. (A) C57BL/6J (B6) mice were infected with either LM-OVA (red) or LM-gp33 (orange) and CD69 and IFN-γ 
expression were evaluated 24 hours post-infection. (B) Representative flow plots of CD69 and IFN-γ expression. (C) Gating 
strategy for adoptively transferred cells. (D, E) Quantification of CD69 (D) and IFN-γ (E) expression in adoptively transferred 
cells 24 hours post-infection. Data are representative of 3 (n = 3 x 2 technical replicates) independent experiments. Error 
bars indicate the mean ± s.d. Comparison between groups was calculated using the two-tailed unpaired Student’s t-test. 
*P<0.05; **P<0.01; ***P<0.001; NS, not significant. 
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To confirm these findings at the endogenous level, we used the Nur77-GFP reporter mouse 

model. Expression of the nuclear orphan receptor Nur77 in these reporter mice drives 

expression of the fluorescent reporter GFP676. First, we evaluated whether Nur77-GFP 

expression is TCR-specific or additionally upregulated by cytokine signalling. To test this, we 

compared primed CD8+ T cells from LM-OVA infected mice to CD8+ T cells from mice that were 

injected subcutaneously with DCs loaded with the peptide N4. As expected, we detected 

much fewer CD69+ CD8+ T cells in the pathogen-free setting, whilst observing potent 

upregulation in the infection setting (Figure 63B). However, those fewer activated CD8+ T cells 

in the pathogen-free condition were all GFP+, while only approximately a third of activated 

CD8+ T cells were GFP+ after LM-OVA infection (Figure 63B).  
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Figure 63. Interferon-gamma (IFN-γ)pos CD8+ T cells upregulate Nur77. (A) Nur77-GFP mice were infected with LM-OVA 
and Nur77-GFP and IFN-γ expression was evaluated 24 hours post-infection. (B) Representative flow plots of CD69 and 
Nur77-GFP expression in mice either infected with LM-OVA (red) or injected with peptide-loaded dendritic cells (blue) 24 
hours post-infection. (C) Representative histograms of Nur77-GFP expression. (D, E) Representative flow plot (D) and 
quantification of Nur77-GFP expression in IFN-γneg and IFN-γpos CD8+ T cells. Data are representative of 3 (n = 3 x 3 technical 
replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using 
the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

 

Having confirmed that Nur77 expression is indeed TCR-dependent, we then infected 

Nur77-GFP mice with LM-OVA and quantified IFN-γ expression in CD69+ CD8+ T cells (Figure 

63C, D and E). We observed a significant shift in GFP expression in IFN-γ+ as compared to IFN-

γ- CD8+ T cells (Figure 63E), indicating that early IFN-γ expression in CD8+ T cells indeed 

requires productive TCR stimulation. 

5.2.8. Interferon-gamma expression is independent of TCR stimulation strength 

To examine whether the strength of TCR-antigen interaction affects IFN-γ induction, mice 

with transferred GREAT OT-I CD8+ T cells were infected with LM expressing altered OVA 

peptides of different TCR binding affinities (Figure 64A). Altered peptide ligands N4, T4 and 

V4 represent the high-, intermediate- and low-affinity OVA peptides, respectively. While N4 

constitutes the original OVA257-264 peptide binding with high avidity to the transgenic TCR, T4 

(SIITFEKL) is of considerably lower binding avidity, and V4 (SIIVFEKL) is estimated to be about 

700-fold less potent than N463, so that in terms of TCR signal intensity V4 < T4 < N4. The 

differential TCR stimulation strength of these peptides is also reflected in their potency to 

drive CD69 upregulation (Figure 64B). Notably, we didn’t observe statistically significant 

differences in IFN-γ expression by OT-I cells in response to APLs, indicating that the strength 

of TCR engagement does not critically modulate early IFN-γ induction during priming (Figure 

64C).  
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Figure 64. Induction of interferon-gamma (IFN-γ) expression by CD8+ T cells is independent of T cell receptor (TCR) 
stimulation strength. (A) GREAT OT-I CD8+ T cells were adoptively transferred into C57BL/6J host mice and infected with 
either LM-N4, -T4 or -V4. IFN-γ expression in adoptively transferred CD8+ T cells was assessed 24 hours later by flow 
cytometry. (B) Quantification of CD69 expression in adoptively transferred cells 24 hours post-infection. (C) Quantification 
of IFN-γ expression in adoptively transferred cells 24 hours post-infection. Data are representative of 3 (n = 3 x 2 technical 
replicates) independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using 
the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant. 

Notably, it was discovered that Nur77 expression is TCR-dependent and proportional to 

TCR signal strength (Figure 65)676, thus enabling the use of GFP expression levels as a 

surrogate marker for the strength of TCR stimulation.  

 

Figure 65. Nur77-GFP reporter mice. Nur77 is a nuclear orphan receptor that is upregulated upon TCR priming in a TCR 
strength-dependent manner. Nur77 expression in these reporter mice is coupled to GFP expression [Created with 
BioRender.com]. 

 

We crossed Nur77-GFP animals with OT-I mice to generate OVA-specific CD8+ T cells 

carrying the Nur77 reporter transgene. CD8+ T cells isolated from these mice were then 
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adoptively transferred into B6 hosts and subsequently infected with LM expressing OVA-

derived APLs differing in their potency for transgenic TCR stimulation. Based on CD69 

expression level we inferred that all transferred cells got successfully activated following 

infection with the different LM strains. 

 

Figure 66. Induction of interferon-gamma (IFN-γ) expression by CD8+ T cells is independent of T cell receptor (TCR) 
stimulation strength. (A) Representative gating strategy to gate on adoptively transferred cells. (B, C, D) Representative flow 
plots (B) and quantification of CD69 (C) and IFN-γ (D) expression in adoptively transferred cells 24 hours post-infection. (E, 
F) Representative histograms (F) and quantification (E) of Nur77-GFP expression in adoptively transferred cells 24 hours post-
infection. Data are representative of 2 (n = 3 x 2 technical replicates) independent experiments. Error bars indicate the mean 
± s.d. Comparison between groups was calculated using the two-tailed unpaired Student’s t-test. *P<0.05; **P<0.01; 
***P<0.001; NS, not significant. 

 

IFN-γ secretion was detectable in all experimental conditions. However, we again did not 

detect any significant differences between the differentially activated TCR transgenic CD8+ T 
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cells (Figure 66C). Altogether we concluded that IFN-γ induction is not dependent upon a 

specific threshold level of TCR stimulation strength. 

5.2.9. In vivo blockade of TCR and cytokine signalling reduces interferon-gamma 

expression by CD8+ T cells 

Lastly, we aimed to validate our in vitro findings by blocking the identified stimuli in vivo. 

MHC Class I and/or IL-12 + IL-18 were blocked in animals prior to LM-OVA infection by 

intravenous injection of blocking antibodies and IFN-γ production was evaluated 24 hours 

post LM-OVA infection (Figure 67A). Blocking only IL-12 + IL-18 did not result in a significant 

reduction of CD69+ CD8+ T cells, while blocking MHC Class did cause a significant reduction in 

activation. A similar reduction in activation was measured when blocking both MHC Class I 

and cytokines (Figure 67B and C). Gating on activated cells revealed a significant reduction in 

IFN-γ expression following either MHC Class I or MHC-I + IL-12 + IL-18 blockade (Figure 67C). 

The fact that we did not observe much difference between these two conditions, and 

furthermore did not see a significant reduction in activation upon blockade of IL-12 + IL-18 

alone (Figure 67B and D), may be due to suboptimal cytokine blocking in vivo. Alternatively, 

additional cytokines may compensate for the loss of IL-12/IL-18 signalling. There was not 

sufficient time left to optimise this experiment before submission of this thesis, but we are 

planning on repeating this experiment as soon as possible to be able to conclude definitively 

if both TCR- and cytokine-signalling are indeed absolute requirements for early IFN-γ 

induction in CD8+ T cells in vivo. 
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Figure 67. Blockade of T cell receptor (TCR) and cytokine signalling reduces interferon-gamma (IFN-γ) secretion by CD8+ 
T cells. (A) GREAT mice were injected with blocking antibodies and infected with LM-OVA the day after. IFN-γ secretion was 
evaluated in CD8+ T cells 24 hours post-infection. (B, C, D) Representative flow plots (B) and quantification of CD69 (C) and 
IFN-γ (D) expression in CD8+ T cells 24 hours post-infection. Data are representative of 1 (n = 3 x 3 technical replicates) 
independent experiments. Error bars indicate the mean ± s.d. Comparison between groups was calculated using the two-
tailed unpaired Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; NS, not significant.  
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5.3. Discussion 

5.3.1. Virtual Memory CD8+ T cells as the main subset producing early interferon-gamma 

In this chapter we have shown that the primary CD8+ T cell subpopulation producing IFN-γ 

upon activation are virtual memory T cells, which belong to the broader family of memory 

phenotype CD8+ T cells. Diverse and dichotomous functions have been attributed to TMP cells, 

including innate-like effector functions in the early stages of pathogen clearance579,610, as well 

as a role in the maintenance of immune homeostasis at steady state677. However, their 

precise function for the CD8+ T cell immune response remains elusive. It furthermore remains 

controversial, what factors induce early IFN-γ secretion by CD8+ T cells. 

Previous studies attributed IFN-γ production by CD8+ T cells 24 hours post-infection mostly 

to effector or memory CD8+ T cells and to be driven by so-called “bystander activation” via IL-

12 and/or IL-18 cytokine signalling70. Of note, IFN-γ secretion by a small percentage of 

phenotypically naïve CD8+ T cells was also observed in earlier studies502. However, the 

percentage of IFN-γ production reported in nonprimed, adoptively transferred OT-I T cells 

was significantly lower compared with the memory CD44hi OT-I population. Additionally, 

these nonprimed, IFN-γ-secreting OT-I cells were shown to alter their surface phenotype with 

respect to CD44, CD94 and other memory markers in response to stimulation, whereas non-

transferred OT-I did not secrete IFN-γ upon stimulation502, suggesting that the in vivo 

environment may imprint or enforce a memory-phenotype in these transferred cells. Early 

IFN-γ secretion by antigenically naïve, CD44low OT-I has also been reported by another 

study379, and it is possible that this function may be an artifact of the OVA-specific OT-I 

(Vβ5/Vα2) system and their comparatively high-affinity TCR. In this context it is also worth 

highlighting that OT-I cells have been shown to undergo strong homeostatic proliferation, and 
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thus typically display a higher proportion of CD44hi cells than CD8+ T cells derived from other 

TCR-transgenic mice678. However, altogether, we hypothesise that the memory-phenotype of 

the vast majority of IFN-γ-producing OT-I T cells described in previous studies, as well as their 

innate-like manner of IFN-γ secretion, may likely be indicative of their identity as TVM cells. 

Characterizing the population of IFN-γ-producing CD8+ T cells 24 hours post-infection, both 

by flow cytometry (Figure 54) and scRNA-sequencing (Figure 56), indeed revealed that TVM 

cells comprise the predominant fraction of IFN-γ-secreting CD8+ T cells at this early time point 

during the response. A notable fraction of TVM cells is also detectable in naïve mice, confirming 

that this phenotype is not an artifact of infection. However, the obtained results could 

potentially be an artifact of the OT-I system, or specific to L. monocytogenes infections. 

Hence, we tested if we could detect a similar fraction of IFN-γ-secreting CD8+ T cells with a 

TVM phenotype in response to another antigen, LCMV-derived gp33, which was indeed the 

case. Whilst we did not test different pathogens, other groups have confirmed the presence 

of TVM CD8+ T cells in diverse infection models such as vaccinia virus and other pathogens579. 

An alternative infection model, influenza virus, has been established in our group and could 

be used to confirm our findings in a different infection context. 

Our characterization by scRNA-seq analysis confirmed that TVM cells are transcriptionally 

distinct from naïve and true memory cells, while exhibiting significant overlap with both 

subsets, as reported previously616,638. A few studies have furthermore assessed the 

transcriptional profile and chromatin accessibility of TVM cells at different life 

stages580,616,638,679. Key signatures of TVM cells that have been identified in these studies 

included high expression of transcripts related to NK cells, granzymes and cell killing, 

inflammatory cytokines and cytokine sensing, as well as differential expression of chemokine 

and cell adhesion markers615. In addition, several transcription factors have also been 
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reported to be differentially, if not exclusively, expressed in TVM cells, such as high expression 

of Eomes, Runx2 and Bhlhe40 and decreased expression of Sox4580,616,618,680, which altogether 

comprise a key transcription factor hub for memory differentiation681. Lastly, TVM cells also 

exhibited a clear transcriptional signal for IL-15 signalling mediators and regulators, such as 

increased expression of Eomes, IL15, IL12rb, IL15ra and Bcl2580,616,618. 

Of note, CD44hi CD8+ T cells can also be detected in TCR transgenic mice on a RAG-

expressing background and their presence has mostly been attributed to the expression of 

endogenous TCRα chains617,642. One critical control experiment we are still missing is to 

validate our findings by adoptively transferring antigenically naïve CD8+ T cells from Rag-/- 

mice into host mice and quantifying IFN-γ expression 24 hours post-infection in transferred 

cells, which would allow us to conclude definitively if naïve cells contribute to the pool of 

available IFN-γ during priming. Of note, CD44hi T cells have previously been reported to be 

present in unprimed TCR transgenic Rag-/- mice, and suggested to arise from homeostatic 

proliferation610, which highlights the importance of sorting CD44hi cells prior to adoptive 

transfer or using isolation kits specifically designed for isolation of antigenically naïve CD8+ T 

cells. 

It is important to highlight that our studies so far did not investigate the effector role and 

protective quality of TVM cells in response to infection. It has previously been shown that the 

TVM pool can provide potent and antigen-specific protective immunity against pathogen 

infection579,580,613,635,653,682, and that TVM cells furthermore differ in their expansion and 

differentiation patterns compared with naïve-derived effector populations579579,635,653,682. 

However, investigating the effector functions of TVM cells lay beyond the scope of this thesis. 
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5.3.2. Induction of interferon-gamma secretion by CD8+ T cells requires both TCR and 

cytokine signalling 

Investigating the priming factors inducing IFN-γ production by antigenically naïve, 

endogenous CD8+ T cells, both in vitro (Figure 59) and in vivo (Figure 62), revealed that IFN-γ 

secretion 24 hours post-activation required both TCR stimulation and cytokine signalling, with 

IL-12 and IL-18 having been identified as the most potent triggers of early IFN-γ secretion. 

Additionally, IL-15, IL-2, and IL-7, all of which belong to the cγ family of cytokines, displayed 

synergistic effects on IFN-γ induction. Based on these and previously described findings, we 

propose a mechanistic model, in which TVM cells contribute to IFN-γ production early during 

immune responses, through integration of TCR and inflammatory signalling during priming.  

IFN-γ secretion by CD8+ T cells has previously been described to be induced upon cytokine-

mediated signalling within the local microenvironment, suggested to be driven predominantly 

by IL-12/IL-18 production by LM-infected macrophages502, which is consistent with our in vitro 

results showing that the combination of IL-12 and IL-18 had the most potent IFN-γ-inducing 

effect on antigenically naïve CD8+ T cells. Notably, we did not observe an inducing or 

enhancing effect on IFN-γ by other inflammatory cytokines, such as TNF, IL-33, and type I IFNs. 

Type I IFN signalling was shown by earlier studies to contribute to various innate functions, 

including IFN-γ production by TVM cells634. While our data cannot rule out that type I IFN may 

serve an important function in contributing to the long-term homeostasis or fitness of TVM 

cells in the periphery and the differentiation of innate memory cells in the thymus, our data 

suggest that it is not critically involved in the induction of early IFN-γ secretion by TVM cells. 

However, as shown by other studies examining the landscape of potential T cell:cytokine 

interactions during infection683, the response of T cells to individual signals is typically highly 
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context dependent. It is thus possible that certain cytokines only exert a synergistic or 

inhibitory effect when paired with a specific set of cytokine partners, and whilst studying a 

wide range of distinct combinations, we did not examine more complex cytokine interactions.  

It is also important to highlight that our in vitro setup, albeit having the advantage of 

controlling stimulant concentrations and testing specific cytokine combinations, is an overly 

simplified recapitulation of the situation encountered in vivo and does not fully replicate all 

the unique microenvironmental cues CD8+ T cells are exposed to in vivo. Certain inflammatory 

cytokines, such as TNF and type I IFNs, may furthermore require concomitant activity of 

additional signalling factors missing in our well-controlled in vitro assay, which may offer 

another explanation why they failed to induce potent IFN-γ production in vitro, but may do 

so under certain conditions in vivo. In vivo infection is also associated with the dissemination 

of PAMPs into the local microenvironment, leading to inflammatory signalling via TLRs, which 

have been reported to provide important signals for bystander activation41,684, and to 

function as co-stimulatory receptors on T cells, which lower the threshold for TCR 

activation663,684,685. Our results do not exclude that TLR signalling is involved in driving early 

IFN-γ secretion in CD8+ T cells in vivo686. 

However, in contrast to previous findings, our data clearly indicate IFN-γ secretion to be 

dependent upon concomitant TCR stimulation, whilst showing only low inducibility of IFN-γ 

expression upon cytokine signalling alone. This observed discrepancy may be due to 

differences in experimental conditions. Whereas Berg and colleagues used non-purified 

splenocytes for stimulation, we directly stimulated isolated CD8+ T cells. It is worth noting 

that TCR stimulation, despite exhibiting profound synergies with cytokine signalling in vitro, 

did not result in much detectable IFN-γ secretion by itself. TCR-dependence for IFN-γ 

secretion was also confirmed in vivo. We furthermore validated the IFN-γ-inducing 
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capabilities of certain priming factors identified by the in vitro stimulation assay in vivo, by 

antibody blocking of specific cytokines and MHC I in a spatially specific manner. It is 

interesting to speculate what kind of TCR stimulus TVM cells require, and while our in vivo 

studies offer certain hints, this remains to be further elucidated. The increased 

responsiveness of TVM cells to IL-12 and IL-18 may be explained by their increased self-

reactivity, as suggested previously635, even though our data suggest that cognate antigen may 

be required to trigger early IFN-γ secretion. 

Of note, cytokine-independent induction of IFN-γ expression upon in vitro TCR stimulation 

in naïve and memory-like OT-I T cells has also previously been reported379,577. A study by 

Curtsinger and co-workers showed rapid induction of IFN-γ within 4 hours post-activation, 

with a decline in expression levels observed beyond 8 hours after stimulation, a time window 

which we did not evaluate in our studies. Purification of naïve CD44low OT-I cells by negative 

selection and subsequent TCR stimulation showed that a small fraction of CD44low/int cells 

produces IFN-γ, albeit distinctly less than CD44hi cells379. As mentioned previously, this effect 

may be an artifact of the OT-I system, which we are currently investigating. 

5.3.3. Proposed mechanism of early interferon-gamma induction in CD8+ T cells 

How the observed synergy between TCR and cytokine signalling exactly operates is an open 

question, but our in vitro data suggest that the effect of both signalling cascades is not simply 

additive. TCR stimulation has previously been shown to induce upregulation of functional IL-

12R complex expression in naïve CD8+ T cells, allowing them to sense IL-12548. Earlier studies 

using polarized TH1 CD4+ T cell lines have furthermore demonstrated that IL-12 upregulates 

expression of the IL-18 receptor, while IL-18 concomitantly augments the expression of the 

IL-12Rβ2 subunit687–689, and a similar type of synergism was suggested to occur in CD8+ T 
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cells502, which seems to be indeed the case, with studies showing that IL-12R signalling drives 

the expression of IL-18R complex through the activation of STAT4, thereby enhancing 

responsiveness to IL-18.  

 

Figure 68. Proposed mechanism of early interferon-gamma (IFN-γ) production by CD8+ T cells. (A) Cognate T cell 
receptor (TCR)-peptide MHC I interaction, in combination with concurrent CD28-CD80/CD86 co-stimulation, drives the 
upregulation of Interleukin-12 (IL-12) receptor (IL-12R). (B) IL-2 receptor signalling in turn upregulates the IL-18R in a STAT4-
dependent manner, allowing the CD8+ T cell to respond to both IL-12 and IL-18. (C) STAT4, activated downstream of IL-12 
receptor, forms a complex with AP-1 activated downstream of both TCR and IL-18 receptor signalling. This STAT4-AP-1 
complex can bind to an AP-1 responsive region within the Ifng promoter with high-affinity, inducing IFN-γ expression. (D) 
IFN-γ induction may be further enhanced by IL-2, IL-15, and IL-7, through uncharacterised mechanisms. Their enhancing 
effects on IFN-γ induction are likely influenced by other extrinsic factors such as local cell density and presence of other 
immune cell types and cytokines [Created with BioRender.com; Figure generated with the help of Han Cai] 

 

This functional “licencing” role of TCR triggering on the cytokine-responsiveness of CD8+ T 

cells is also consistent with our observation that TCR stimulation alone did not induce 

significant IFN-γ production, similar to conditions including only IL-12 and IL-18. The capacity 



 207 

of CD8+ T cells to rapidly secrete IFN-γ may depend, at least partly, on the intrinsic ability of T 

cells to upregulate receptors for IL-12 and IL-18 in the absence of infection502, which is 

supported by findings showing that CD8+ T cells with lower expression levels of IL-12R and IL-

18R exhibit impaired IFN-γ-secreting capability690. IL-12 and IL-18 can synergistically induce 

IFN-γ production through the formation of the STAT4-AP-1 complex, which binds to the AP-

1-responsive region within the Ifng promoter548, indicating that IL-12-activated STAT4, which 

does not directly bind to the Ifng promoter, may exert its IFN-γ-inducing effect via enhancing 

the binding affinity of IL-18-induced AP-1 to the AP-1-responsive region548. A similar mode of 

action was reported for the synergistic effect of IL-12-dependent STAT4 activation with AP-1 

activated downstream of TCR stimulation458. However, the synergy between IL-12 and TCR 

signalling alone is insufficient at driving potent IFN-γ expression, indicating that IL-18, either 

through driving AP-1 phosphorylation or additional signalling pathways, is still necessary for 

eliciting potent IFN-γ secretion.  

Taken together, the following model of mechanistic collaboration to induce early IFN-γ 

production by CD8+ T cells emerges (Figure 68): Upregulation of cytokine receptor expression 

in naïve CD8+ T cells via TCR stimulation heightens responsiveness to IL-12 and IL-18, which 

promote IFN-γ secretion in largely cytokine-driven fashion through the synergistic activities 

of STAT4 and AP-1. Due to the rapid upregulation of CD44 following in vitro stimulation, we 

could not further examine if our results are a specific function of TVM cells. To specifically 

examine IFN-γ production by TVM cells may require prior sorting of CD44hiCD49dlo CD8+ T cells. 

However, taken together with our in vivo investigation, we hypothesise that TVM cells are 

indeed the primary source of early IFN-γ.  
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5.3.4. Synergistic effects of IL-2, IL-7, and IL-15 on interferon-gamma production 

Our in vitro data also indicated a significant synergistic function of IL-15, IL-2, and IL-7 at 

enhancing early IFN-γ production by activating CD8+ T cells (Figure 60). Augmentation of IL-

12- and IL-18-induced IFN-γ secretion by either IL-2 or IL-15 has been previously described502.  

Mechanistically, IL-15 is found to synergize with IL-12 and IL-18 in human T and NK cells to 

promote IFN-γ secretion, both directly through transcriptional upregulation of IFN-γ and 

indirectly via the activation of STAT5, which in turn upregulates IL-12R and IL-18R, promoting 

the aforementioned IL-12 and IL-18 synergy691,692. In human samples, IL-15 was furthermore 

revealed to directly induce IFN-γ expression through activation of STAT1, STAT3, STAT4 and 

STAT5, which bind to activation sites within both the Ifng promoter and the first intron692. 

Additionally, IL-15 also enhances STAT4 phosphorylation, which indicates a possible 

synergistic effect with IL-18 for IFN-γ induction. IL-15 is also a well-known promoter of 

proliferation for memory-phenotype CD8+ T cells566, and thus might function through 

increasing the number of IFN-γ-secreting CD8+ T cells. However, proliferation is only observed 

between day 2-3 post-activation, while IFN-γ secretion is observed as early as 16 hours post-

activation in vitro. Lastly, it is also intriguing to speculate that the transcription factor Runx2 

may serve as the critical point of signal integration for TCR, IL-12, IL-18 and IL-15 signalling, as 

previously proposed for the signalling mechanisms driving the generation of TVM cells615. 

Runx2 is highly upregulated in TVM cells618, and expressed downstream of type I IFN, IL-12 and 

IL-15 signalling, and its expression furthermore promotes Eomes expression in CD8+ T cells693. 

Importantly, Runx2 is augmented when cytokine signals are combined with TCR signals, but 

this requires modest as opposed to strong TCR signalling693. Self-reactive TCRs could therefore 

deliver modest TCR signals alongside cytokine stimulation to promote Runx2-mediated 



 209 

Eomes expression, which may lead to selective IL-15Rβ expression in TVM cells rendering them 

exquisitely sensitive to IL-15 signalling.  

Synergistic effects on IFN-γ induction have also been described between IL-2 and IL-12 in 

human NK cells, with IL-2 being implied in the release of nuclear Ifng mRNA that is otherwise 

retained by IL-12 signalling, facilitating its translation and subsequent secretion551. In 

addition, IL-2 has been shown to induce IFN-γ secretion in vivo in NK cells694 and it was 

suggested that IL-2 contributes to IFN-γ secretion through upregulation of STAT4 

expression70, as STAT4 leads to transcriptional activation of the Ifng promoter695. Finally, IL-

12 induced expression of the IL-2Rα chain on polarized CD4+ T cells696 and IFN-γ-secreting 

CD8+ T cells70 has also been reported.  

Altogether, it becomes clear that the transcriptional regulation of IFN-γ production 

involves a highly dynamic and complex network of molecular interactions, with diverse 

transcription factors and epigenetic changes fine-tuning its expression. It is highly plausible, 

that different cytokine combinations can activate distinct sets of transcription factors which 

differ in their modes of interactions and IFN-γ-inducing activities, thus leading to variable 

expression of this cytokine697. Given that IL-2 displayed a dose-dependent effect on IFN-γ 

induction in vitro, which was not observed for IL-12 and IL-18, the capacity of CD8+ T cells to 

produce IFN-γ may not only reflect its intrinsic responsiveness to cytokines, but also extrinsic 

factors such as local cytokine availabilities690. Complementing our previously described model 

of IFN-γ induction in CD8+ T cells (Figure 68), we hypothesise that additional cytokines, such 

as IL-2, IL-7, and IL-15, may conditionally enhance the expression of IFN-γ driven by the 

aforementioned TCR and cytokine synergy. The enhancing effects of these three cytokines 

may be influenced by their spatial distribution and temporal availability determined by the 

balance between their local production and consumption within a particular 
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microenvironment, thus imparting an additional layer of tuneable control over IFN-γ 

production698.  

5.3.5. Early interferon-gamma induction by virtual memory T cells does not appear to 

be bystander-driven 

Our data support the notion of a TCR-dependent activation mechanism for the induction 

of early IFN-γ, which contrasts earlier findings, such as a recent study by White and co-

workers580, and thus warrants further discussion. It is important to highlight that the earlier 

study by White and colleagues has not directly measured IFN-γ expression in transferred TVM 

cells but relied on splenic bacterial counts measured 4 days post-infection for their 

conclusions. It is thus conceivable that the observed protective effect was due to other 

effector functions, such as IL-12/IL-18/IL-15-induced expression of granzyme B and NKG2D580 

or IFN-γ secretion at later time points. Of note, maintaining expression of the effector 

molecules necessary for the protective function was shown by White et al. to be dependent 

upon the continued presence of IL-15. IL-15 has previously been shown to confer cytolytic 

ability on memory CD8+ T cells by promoting expression of NK-activating receptors, such as 

NKG2D, and cytolytic molecules such as granzyme B and perforin572,608, thus expanding 

memory CD8+ T cells towards innate-like or NK-like cells. Intriguingly, concurrent TCR 

activation was shown to abrogate IL-15-induced upregulation of NKG2D on the surface of 

memory CD8+ T cells699, suggesting that NKG2D-mediated functions are preferentially 

activated in the absence of TCR stimulation. Another important signal that downregulates 

NKG2D expression, at least during viral infection, is type I IFN700, which, altogether, suggests 

that NKG2D expression in CD8+ T cells may be modulated through the balanced action of 

various proinflammatory cytokines (e.g., IL-15 and/or type I IFNs) and TCR signalling, leaving 
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open the possibility that TVM cells are capable of mediating bystander-like killing under 

specific circumstances. 

The findings that TVM cells are self-reactive may furthermore offer another explanation 

why some studies concluded that their activation occurs independent of TCR signalling. Self-

reactive T cells could be cross-reactive or recognize pathogen epitopes due so-called 

molecular mimicry, mediated through the presence of a common epitope structure or 

sequence between host and microbe41,701. However, it is important to emphasise that our 

data do not rule out that under certain conditions TVM cells are capable of bypassing TCR 

signalling to produce effector cytokines.  

5.3.6. The spatiotemporal context of TVM activity 

TVM cells exhibit a memory-like phenotype, which suggests that they may be endowed with 

similar migratory patterns as observed for true memory cells, thus permitting them to co-

localise with infected cells70,502,574. However, our scRNA-seq results showed that TVM cells 

express a unique signature of chemokine receptors and adhesion molecules collectively 

defining their tissue access (Figure 57). TVM cells expressed some markers associated with 

antigen naivety, including CD62L, which would permit circulation of TVM cells to the lymph 

node, but they downregulated transcription of Ccr7580, which may limit residency and 

retention in the lymph node. Whilst it has been shown that a subset of conventional true 

memory T cells expresses C-X-3C chemokine receptor (CX3CR)1, expression of this receptor 

was not observed in TVM cells638, which may limit their ability to survey peripheral tissues. 

However, both TVM and true memory T cells were reported to express a high level of C-X-X 

chemokine receptor (CXCR)3 in steady state580, which may enable circulating TVM cells to 

migrate toward type I IFN-induced C-X-C chemokine ligand (CXCL)9/10, enabling rapid access 
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to sites of inflammation. Given the overlap in integrin and chemokine/chemokine receptor 

expression with naïve T cells, we hypothesise that TVM cells may be preferentially located in 

close proximity to TN cells, which we are currently further investigating by confocal imaging.  

 

Figure 69. Single-cell sequencing data show that virtual memory T cells express high levels of Xcl1.  

Notably, analysis of our scRNA-seq data revealed TVM cells to highly express Xcl1 (XC-

chemokine ligand 1) (Figure 69), which binds to XC-chemokine receptor 1 (XCR1) expressed 

by conventional DCs (cDCs), which have been shown to display optimal antigen cross-

presentation capacity702. Earlier studies have furthermore revealed that CD8+ T cells in a virus 

infection model, that have completed the first priming step, which is mediated by an infected 

or migratory cDC1, produce XCL1 to recruit uninfected, lymph-node resident XCR1+ 

cDC1c703,704, presumably to facilitate the transfer of antigens from the initial (dying) migratory 

cDC1 to the lymph-node resident cDC1, thus mediating antigen cross-presentation. It is 

intriguing to speculate that TVM cells may play a similar role in the orchestration of CD8+ T cell 

immune responses to infection. 
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5.4. Conclusion 

In summary, this chapter sought to characterize the precise CD8+ T cell subset that is 

capable of rapidly secreting IFN-γ upon activation, and further investigate the inducing factors 

driving IFN-γ expression in those cells. Combining in vitro and in vivo experiments, as well as 

flow cytometry and single-cell RNA-sequencing analysis, we demonstrated that TVM cells are 

the main source of early IFN-γ in the context of L. monocytogenes infection. In addition, our 

data revealed that rapid IFN-γ expression by CD8+ T cells requires both TCR and cytokine 

stimulation.  
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6. General Discussion and Conclusion 

6.1. Interferon-gamma as a critical, cell-autonomous mediator in the 

regulation of CD8+ T cell responses to infection 

In this thesis, we describe a critical role of IFN-γ as a cell-autonomous modulator of CD8+ 

T cell responses against infection that regulates the expansion, differentiation, and functional 

avidity of the ensuing CD8+ T cell response. Individual CD8+ T cell clones exhibit a remarkable 

degree of functional and phenotypic plasticity, which is an indispensable prerequisite for the 

orchestration of effective adaptive immune responses50,99,705. However, such malleability at 

the single-cell level necessitates regulatory mechanisms ensuring robustness at the 

population-wide level and we hypothesise that IFN-γ may mediate such mechanisms in a cell-

autonomous fashion. It is also important to highlight that the direct function of IFN-γ on CD8+ 

T cells has to date mostly been studied using a monoclonal TCR-transgenic population, 

whereas our study, at least to our knowledge, presents the first investigation of the specific 

effect of IFN-γR signalling on endogenous, polyclonal CD8+ T cells. Our findings furthermore 

align with the notion that this signalling event is operative during the priming phase of the 

response, when CD8+ T cells have been shown to be responsive to IFN-γR signalling207. 

6.1.1. The signal 3 function of interferon-gamma during CD8+ T cell activation 

Inflammation is a critical modulator of CD8+ T cell activation, function, and memory 

formation28,133,378,379 and several pro-inflammatory cytokines, such as IL-12 and type I IFN, 

have been reported to directly promote CD8+ T cell responses through enhancing proximal 

TCR signalling28 and thus heightening the antigen sensitivity of responding CD8+ T cells706. 
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IFN-γ is a major effector cytokine produced in large quantities by fully differentiated CD8+ 

T cells upon antigen encounter707. While the role of IFN-γ as an effector cytokine is well-

established, its relative importance for modulating CD8+ T cell expansion and differentiation 

is controversial. While some studies demonstrated a direct, growth-promoting effect of IFN-

γ for specific CD8+ T cell clones211, others have shown CD8+ T cell expansion to be independent 

of IFN-γ378,461, altogether suggesting that IFN-γ signalling specification in CD8+ T cells may 

critically depend upon the specific priming context, which is determined by the nature of the 

invading pathogen and the triggered immune response. 

Following up on these previous studies, we have shown in this thesis that early IFN-γ limits 

the expansion of endogenous antigen-specific CD8+ T cells in a clone-specific manner. Using 

an adoptive transfer model of OT-I T cells, our group has furthermore demonstrated that IFN-

γ promotes memory differentiation of high-affinity clones, whilst limiting the expansion of 

SLECs489. In addition, published findings by our group revealed that IFN-γ modulates OT-I cell 

differentiation and expansion through a non-conventional pathway facilitated by integrin co-

stimulation489.  

Loss of IFN-γR signalling on endogenous CD8+ T cells did not affect the relative abundance 

of SLECs and MPECs at the peak of the response. However, analysing the tetramer binding 

profiles of SLEC and MPEC subsets revealed that IFN-γ appears to modulate differentiation of 

CD8+ T cells at the clonal level, by limiting selection of high-affinity clones into the SLEC 

compartment, while the MPEC compartment is dominated by low-affinity clones. We 

furthermore validated that these observed changes also led to long-term modifications in the 

functional avidity of the memory pool.  

The functional relevance of this mechanism for re-infection or heterologous immunity 

remains to be further investigated. Infection with influenza virus is frequently used as a model 
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to study heterologous immunity. The influenza strain PR8 generates a dominant response 

against the viral epitope ASNENMETM (METM), but a minor fraction of cells is also able to 

bind the altered peptide ligand ASNENMDAM (MDAM). These cells are derived from different 

clones and have a lower affinity for DbMETM than cells without cross-reactive capacity64,260. 

Secondary infection with influenza HKx31, which expresses the METM epitope, or with 

HK2/68, which expressed MDAM, makes it possible to study the response of antigen-specific 

memory cells against a heterologous antigen. Future studies in our group will investigate if 

the differential clonality observed upon ablated IFN-γR expression confers enhanced 

protection against heterologous infection. Alternatively, our in vivo cytotoxic assay could be 

used to assess cytolytic capacity of “mutated” low-affinity targets by comparison of injected 

CSFE-labelled splenocytes pulsed with either N4 or T4 peptides, as performed previously64.  

6.1.2. Skewing of the functional avidity of CD8+ T cell responses to infection through 

interferon-gamma 

In addition to its regulatory role in limiting the expansion and differentiation of antigen-

specific CD8+ T cells, our data furthermore revealed that IFN-γ modulates the functional 

avidity of the ensuing response by skewing the antigen-specific TCR repertoire towards higher 

average tetramer binding. Earlier studies have already shown that IFN-γ controls the 

immunodominance of the response against infection, with CD8+ memory cells specific for 

subdominant epitopes accumulating to unusually high numbers in IFN-γR-/- mice133. However, 

the precise mechanism of this regulatory function of IFN-γ on CD8+ T cells remains unclear.  

Our findings that loss of IFN-γ signalling skews towards antigen-specific cells with an 

average higher tetramer binding profile suggests that IFN-γ may be involved in modulating 

the affinity-based selection of antigen-specific T cell clones to ensure appropriate effector 
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and memory responses. This notion is also supported by an earlier study377, which suggested 

that IFN-γ exerts a TCR affinity-dependent modulatory effect on the differentiation of long-

lived memory OT-I T cells, by blocking their generation in response to weak TCR agonists. 

Notably, high-affinity clones which are activated through strong TCR signals remained 

unaffected. The authors speculated that sufficient mTOR activation under conditions of high 

TCR signalling intensity may offset the regulatory function of IFN-γ282,377. IFN-γ was 

furthermore suggested to modulate expansion, rather than differentiation capability per se, 

and to help determine the poly-clonality of the memory pool by limiting differentiation of 

low-affinity clones into long-lived memory cells377. This finding is in alignment with our data 

showing that a loss of IFN-γ signalling during priming results in a memory pool that displays 

lower functional avidity. However, our findings furthermore reveal a negative effect of IFN-γ 

on high-affinity T cells at the endogenous level.  

Of note, we have not investigated mTOR signalling activity and other metabolic pathways 

in our CD8+ IFN-γR system, but it is intriguing to speculate that IFN-γ may exert some of its 

functions, at least partly, through cellular metabolic reprogramming, which is known to affect 

the effector and memory potential of T cells209,708. Several studies identified mTOR as an 

important signalling module in T cells that senses environmental cues, integrates signals from 

multiple receptor systems709,710, determines Eomes and T-bet levels, and modulates CD8+ T 

cell differentiation238,708.  IFN-γR signalling has previously been shown to promote mTOR 

function in a PI3K- and protein kinase B/AKT-dependent fashion, at least in mouse embryonic 

fibroblast and human cell lines711–713. It remains to be further investigated if differential 

regulation of mTOR activity through converging TCR and IFN-γR signalling pathways serves as 

a critical mediator in leading to clone-specific signalling outcomes. 
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Studying adoptively transferred OT-I T cells after blocking of IFN-γ, our group has shown 

that IFN-γ does not modulate the ratio of T-bet to Eomes expression at the monoclonal 

level489. However, ablation of IFN-γR signalling may affect a heterogenous polyclonal 

population of T cells differently and it is possible that TCR agonists may serve a similar role to 

integrins in specifying the precise outcome of IFN-γR signalling in clones of distinct antigen 

affinity. Given recent findings that Eomes is critical in granting an essential survival advantage 

to low-affinity clones in becoming memory64, it is intriguing to speculate that IFN-γ may 

modulate Eomes levels in a TCR affinity-dependent manner. This notion is supported by 

previous studies showing that IFN-γ promotes the rapid upregulation of T-bet in CD8+ T cells120 

and furthermore controls both Eomes and T-bet levels in IFN-γ-/- OT-I cells377. 

Taken together, we hypothesise that IFN-γ may serve an important autoregulatory role, by 

both broadening the effector T cell pool, whilst also acting as a safeguarding mechanism 

against the risk of developing autoimmune reactions through the activity of low-affinity, 

possibly self-reactive T cell clones. We sent CD8a-Cre IFN-γR-/- (KO) and CD8a-Cre (WT) 

tetramer+ effector CD8+ T cells for single-cell TCR-sequencing, which should allow us to 

conclude definitively if the shift in functional avidity reflects changes in the poly-clonality of 

the CD8+ T cell response and additionally provide us with clues if these cells have been 

differentially programmed in the absence of early IFN-γ signalling. Preliminary analysis of our 

single-cell TCR-sequencing data indeed appears to confirm our hypothesis that specific 

effector clones are selectively expanded in KO mice compared with WT mice. 

It is also important to emphasise that the precise composition of the cytokine milieu differs 

strongly between different types of pathogens120,129,160,281,706. The relative importance of the 

crosstalk between TCR and IFN-γR signalling for CD8+ T cell expansion and differentiation may 

therefore be heavily dependent on the specific experimental conditions, which may critically 
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contribute to defining the exact signalling outcome of IFN-γ on CD8+ T cells through various 

cell-intrinsic and cell-extrinsic factors (e.g. by integrins acting as co-stimulants489 or additional 

cytokines which directly modulate proximal TCR signalling706). 

6.1.3. The functional relevance of early interferon-gamma signalling on CD8+ T cell 

responses 

The functional relevance of this early wave of IFN-γ for the effector phase of CD8+ T cell 

responses was assessed both in the context of infection with L. monocytogenes and influenza 

virus. Using an optimised in vivo cytotoxicity assay to evaluate killing capacity, we did not 

measure a significant difference between endogenous IFN-γR KO and WT CD8+ T cells. It is 

possible that the IFN-γ-mediated effect on the cytolytic capacity of responding CD8+ T cells is 

more subtle than our cytotoxicity assay allows us to detect. Alternatively, other inflammatory 

cytokines, such as IL-12, may play a more dominant role in establishing the effector 

functionality of CTLs and thus compensate for the lack of IFN-γR signalling during the early 

priming phase379. It is also possible that IFN-γR KO and WT effector cells do not differ in their 

cytolytic capacity, but only in their rate of activation, as was shown previously257. To ascertain 

and complement our results obtained in vivo, future experiments may be performed in vitro 

by co-culturing sorted tetramer+ CD8+ T cells and peptide-loaded target splenocytes at 

specified ratios714. 
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6.2. Virtual memory CD8+ T cells as a novel regulatory CD8+ T cell subset 

Having demonstrated that CD8+ T cells preferentially receive IFN-γ from other CD8+ T cells 

16-24 hours post-infection, we next characterized the specific CD8+ T cell subset that is 

capable of secreting IFN-γ during the priming phase of the CD8+ T cell response. Using a 

combination of scRNA-seq and flow cytometry analysis, we identified virtual memory CD8+ T 

cells as the main drivers of this early wave of IFN-γ. Classically, it was thought that 

immunological memory is mediated through antigen-specific interactions, but it is becoming 

more and more apparent that mechanisms of immunological memory can be co-opted by 

innate or antigen-inexperienced immune cells to generate additional layers of heterogeneity 

in immune responses615. Antigen-naïve, semi-differentiated TVM cells represent a unique 

subset of CD8+ T cells with memory-like characteristics. Previous studies have reported 

overlapping features with conventional memory T cells, such as a poised cell cycle and 

differentiation state and a readiness towards effector functions, which is reflected in their 

transcriptional profile and epigenetic landscape580,615,616. In addition, they exhibit many 

hallmarks of memory, such as modest expansion, marked differentiation, a steady-state 

survival advantage, accelerated TCR-driven responses, decreased signalling thresholds and 

tissue-specific localisation615.  

We next characterized the IFN-γ-inducing factors in more detail. As discussed in detail in 

the previous chapter, we discovered IFN-γ expression to be dependent upon concomitant 

TCR- and cytokine-stimulation. These findings contrast previous reports suggesting that TVM 

cells act in a bystander-like fashion in response to pro-inflammatory cytokines such as IL-12 

and IL-18580,615. Of note, CD8+ T cells can exhibit different functional consequences according 

to the specific inflammatory context, and it was suggested that cytokine secretion and 
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cytolytic activity may be independently regulated processes715. This functional differentiation 

may also be found in bystander-activated T cells, plausibly controlled by diverse factors such 

as pathogen load, chronicity of inflammation, location of CD8+ T cells, and surrounding 

cytokine milieu663. Altogether, we hypothesise that the functional properties of TVM cells are 

heavily context-dependent, and thus it is conceivable that TVM cells may exhibit bystander 

functionality under certain conditions. Notably, terminally differentiated, or replicative 

senescent memory CD8+ T cells were shown to display IL-15 hyper-responsiveness as 

compared with early differentiated memory CD8+ T cells716,717. Considering the accumulation 

of memory T cells with age, particularly terminally differentiated or replicative senescent 

memory T cells, it is conceivable that bystander activation may be more exaggerated in older 

individuals as compared with younger individuals570. In this context, adult mice maintained 

under specific pathogen-free conditions should be considered a counterpart to human 

neonates rather than human adults615,718.  

Taken together, we hypothesise that requiring both TCR and cytokine signals may serve as 

an additional layer of regulation to prevent spurious IFN-γ secretion and to help the immune 

response balancing two competing demands: effective clearance of invading pathogens, 

whilst simultaneously preventing an over-reactive response causing immunopathology.  

In addition to identifying TVM cells as the primary source of early IFN-γ, we furthermore 

observed that only a small fraction of TVM cells was triggered to secrete IFN-γ upon activation. 

Our characterization by single-cell sequencing suggests that it is indeed a particular subset of 

TVM cells, which is activated to produce IFN-γ during priming. Of note, previous studies have 

shown that only a small fraction of memory phenotype CD8+ T cells are able to respond to IL-

12/IL-18-induced IFN-γ expression70, which was suggested to be regulated by the level of IL-

12 and/or IL-18 receptors on subpopulations of CD8+ memory T cells. The hypothesis that TVM 
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cells themselves represent a heterogenous population with diverse functional properties is 

also supported by a recent study showing that TVM cells can be sub-divided into two subsets 

according to CCR2 expression653. These subsets were furthermore shown to be heterogenous 

in terms of their effector and memory potentials653. What drives a particular subset of TVM 

cells to produce IFN-γ during priming remains to be further investigated.  

Of note, we did not determine the precise type of stimulus required to trigger TCR 

stimulation in CD8+ T cells. However, our data demonstrated that antigen affinity does not 

appear to be a determining factor. Moreover, IFN-γ secretion in our experimental model 

required cognate antigen stimulation, which suggests that IFN-γ production by TVM cells may 

not be triggered by self-antigen. This finding contrasts a recent study showing that TVM cells 

harbour self-reactive TCRs635. The observation that TVM cells can orchestrate an extra-

lymphoid primary response to execute early viral control653 lends additional support to the 

notion that the immune system harnesses unavoidable self-affinities to better fight microbial 

invasions719,720. It is conceivable that the abundance of self-antigen in a given inflammatory 

context, and thus the frequency and intensity by which a T cell sees self-antigen could be a 

critical determining factor in driving early IFN-γ secretion by TVM cells. Further studies of the 

precise nature of the TCR trigger for early IFN-γ secretion by TVM cells are thus warranted.  
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6.3. CD8+ T cell-T cell collectivity as a critical mechanism in the 

autoregulation of global T cell behaviour 

In the first part of this thesis, we have shown that IFN-γ plays an instrumental role in 

modulating the expansion and fate determination of responding CD8+ T cells, while 

furthermore shaping the functional avidity of the response. We identified an early time 

window as the temporal context of this signalling event and went on to identify TVM cells as 

the primary source of this early wave of IFN-γ. Our observation that IFN-γ controls the 

functional avidity of the endogenous response suggests that IFN-γ may exert a TCR signal 

strength-dependent effect on endogenous poly-clonal CD8+ T cells.  

Due to the readiness of TVM cells to secrete IFN-γ and other effector cytokines upon 

activation, it was suggested that those cells may participate in both innate and adaptive 

immune responses during a primary immune response610. We believe that our data may 

indicate an additional regulatory role of TVM cells in tuning CD8+ T cell responses according to 

the given inflammatory context, by modulating the expansion, differentiation, and functional 

avidity of the responding T cell repertoire through early IFN-γ secretion. Our transcriptomic 

analysis also suggests that TVM may be located in the same microenvironment as naïve CD8+ 

T cells, thus potentially providing them with an opportunity to readily shape the response and 

behaviour of naïve activating CD8+ T cells through rapid IFN-γ secretion.  

As revealed by earlier studies310,311, clustering of CD8+ T cells during the priming phase of 

the response results in heightened sensitivity towards local cytokines, such as IL-2 and IFN-γ. 

A similar contact-dependent mechanism was identified by our group to be instrumental in 

specifying the functional outcome of early IFN-γ on CD8+ T cells, at least when studying a 

monoclonal population of T cells489. If a similar mechanism acts on the endogenous level and 
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if TVM and activating CD8+ T cells are directly interacting with each other will be the focus of 

future studies. The precise local cytokine availabilities during the priming stage may likely be 

critical determinants of early IFN-γ production by TVM cells, in addition to the TCR-dependent 

responsiveness to the pro-inflammatory cytokines IL-12 and IL-18. IL-2 signalling, for instance, 

is locally intensified within homotypic CD8+ T cell clusters and provides the molecular basis 

behind the quorum sensing-like regulation of CD8+ T cell expansion328, and may also be 

involved in tuning local IFN-γ production, as suggested by the results of our in vitro assay.  

A regulatory role of CD8+ T cells has been previously suggested677,721–725. The discovery by 

Miller and co-workers635 that the differentiation programme of TVM cells resembles the one 

regulatory T cells undergo supports the idea that TVM cells may fulfil an important 

autoregulatory role in the immune system, in addition to their previously reported effector 

functions. Immune autoregulatory functions have also previously been reported for IFN-γ726. 

The IFN-γ-secreting subset of TVM cells we identified may furthermore contribute to the initial 

shaping of the local inflammatory cytokine milieu, thereby potentially enhancing the 

cytotoxic functions of both innate and adaptive cells to expedite pathogen clearance. 

However, this hypothesis awaits further experimental proof. Lastly, TVM cells have also been 

reported to display increased expression of Ifngr1580, which suggests that they may be highly 

sensitive for their own IFN-γ. It is intriguing to speculate that in addition to modulating 

activating CD8+ T cell behaviour, TVM cells may also regulate their own fate through IFN-γ. 
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6.4. Thesis Summary and Outlook 

CD8+ T cell immune responses exhibit a remarkable degree of plasticity at the single-cell 

level, whilst their overall population response is consistent and robust. How heterogenous 

individual T cell responses are integrated at the population-level remains incompletely 

understood, but previous research has highlighted that direct T cell-T cell communication 

during the priming phase plays a critical role in the regulation of the ensuing T cell 

response310,328. One of the cytokines identified to be expressed by a subset of activated CD8+ 

T cells during priming has been IFN-γ328. However, whereas its role during the effector phase 

of the response has been well-studied, the function of this early wave of IFN-γ on the CD8+ T 

cell response remained incompletely understood.  

 

Figure 70. Graphical thesis summary. Virtual memory CD8+ T cells (TVM) produce interferon-gamma (IFN-γ) during the 
priming phase of the response in a T cell receptor (TCR)- and cytokine-dependent manner. Early IFN-γ functions to modulate 
the expansion and differentiation of antigen-specific CD8+ T cells and helps to tailor the response to the specific inflammatory 
context [Created with BioRender.com]. 



 226 

In this thesis evidence is presented which reveals that IFN-γ modulates distinct aspects of 

the ensuing CD8+ T cell response. Our data revealed a cell-autonomous function of IFN-γ on 

the endogenous T cell response by modulating the expansion, differentiation, and functional 

avidity of the effector T cell population in a clone-specific manner. We furthermore 

demonstrated that direct IFN-γ signalling in CD8+ T cells is restricted to a specific temporal 

context and identified virtual memory T cells as the main source of this early wave of IFN-γ, 

which require both TCR and cytokine signalling to induce IFN-γ production. We hypothesise 

that TVM cells fulfil a critical immunoregulatory role in modulating collective T cell behaviour 

in response to the specific inflammatory context. Taken together, this study has revealed a 

novel cell-autonomous function of IFN-γ on CD8+ T cells during the priming phase of the 

response and a novel regulatory role of virtual memory T cells in modulating CD8+ T cell 

responses to infection. Future studies remain to be carried out to further elucidate the precise 

mechanism of this regulatory role and its relevance for shaping the response to infection. 
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