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1 Summary 

 

 

CD8+ T cells play a critical role in antiviral immunity. The type of the functional response 

elicited upon the activation of the particular CD8+ T cell is predominantly determined by the 

strength of the signal received through the T cell receptors (TCR). CD8+ T cells can be 

activated by low levels of antigen, hence high avidity CD8+ T cells have been preferable 

choice for adoptive T cell therapy. However, low avidity CD8+ T cells may as well exert potent 

effector function, albeit with a different activation threshold. Therefore, a better understanding 

of the biology of low avidity CD8+ T cell responses is necessary to complement our 

knowledge on T cell biology in general, and improve T cell-based treatments.  

To dissect the role of low avidity CD8+ T cell during cytopathic viral infection, we have cloned 

and characterized a MHC I-restricted TCR specific for the spike protein of mouse hepatitis 

virus (MHV). In the first part of the presented work, we have described the generation of 

MHV-specific TCR-transgenic mice named Spiky. Analysis of the transgene expression 

showed that >98% of peripheral CD8+T cells express the functional MHV-specific TCR. 

Functional assays of Spiky transgenic CD8+ T cells showed that rather high levels of peptide 

are needed to allow the activation of the cells, indicating low functional avidity.  

In the second part of the work, central nervous system (CNS) infection with MHV facilitated 

dissection of the mechanisms that regulate recruitment of CD8+T cell to the inflamed CNS. 

We found that the expression of the constitutive chemokines CCL19 and CCL21 was 

dramatically enhanced during MHV-induced neuroinflammation. Both endothelial cells of 

blood vessels and fibroblastic stromal were major sources of the CCR7 ligands. Importantly, 

complete abrogation of the CCR7-axis lead to drastic impairment of antiviral T cell responses 

in the CNS and had fatal consequences. CCR7-proficient Spiky cells provided protection 
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against the viral CNS infection in CCR7-deficient mice. Furthermore, extra-lymphatic 

expression of CCR7 ligands was sufficient to allow optimal recruitment of antiviral CD8+ T 

cells and control of the virus. Taken together, the second part of the thesis revealed a critical 

role of CCR7-ligands expressed in the CNS for regulating recruitment and functionality of 

antiviral CD8+T cells in this organ. 

In the third part of the thesis, we have addressed the consequences variation of TCR density 

has on T cell function. To achieve graded expression of the MHV-specific TCR, we utilized 

retrogenic mouse approach. Combining CFSE-based in vitro proliferation assay with 

mathematical modeling, and in vivo assays, we have assessed performance of T cells 

expressing different numbers of structurally the same TCR. Our results indicated the 

existence of two different TCR density thresholds that critically impinge on T cell activation 

and performance. While the first threshold was defined by the minimal numbers of expressed 

TCRs needed to allow activation of T cells, the second threshold defines the maximal 

numbers of TCR that can still guarantee optimal T cell activation resulting in protective 

responses. TCR expression above the second threshold level resulted in aberrant behavior 

of antiviral T cells leading to loss of the protective function. These findings indicate first that 

adoptive T cell therapy can rely on a rather broad TCR surface density window to secure 

optimal performance of the T cells. Second, this study shows that the rheostat function of 

TCR-mediated signals may reach a particular biological limit that must be taken in 

consideration for the design of successful and safe adoptive T cell therapy. 
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2 Zusammenfassung 

 

 

Während einer antiviralen Immunantwort spielen CD8+ T-Zellen eine entscheidende Rolle. 

Die funktionelle Antwort, welche nach der Aktivierung einer bestimmten T-Zelle ausgelöst 

wird, ist vor allem über die Stärke des Signals, welches jede einzelne CD8+ T-Zelle durch 

ihren T-Zell-Rezeptor erhält, definiert. Bereits geringe Mengen an Antigen können 

ausreichend sein, um zu einer CD8-T-Zellaktivierung zu führen. Bei adoptiven T-Zell-

Therapien waren daher CD8-T-Zellen, welche eine hohe Bindungsfähigkeit aufwiesen, die 

erste Wahl. Dennoch könnten auch CD8-T-Zellen mit einer niedrigen Bindungsfähigkeit  

wirksame Effektorfunktionen ausführen, auch wenn sie über einen anderen 

Aktivierungsschwellenwert verfügen. Auf Grund dessen ist ein tiefer greifendes Verständnis 

der Biologie von T-Zellantworten ausgehend von CD8-T-Zellen mit niedriger 

Bindungsfähigkeit nötig,  um das bereits bestehende Wissen der generellen T-Zell-Biologie 

zu ergänzen und T-Zell-Therapien zu optimieren. 

Um die Rolle aufzuschlüsseln, welche CD8-T-Zellen mit niedriger Bindungsfähigkeit während 

einer zytopatischen Virusinfektion spielen, wurde von uns ein für das Spike Protein des 

Maus-Hepatitis-Virus (MHV) spezifischer und auf MHC I beschränkter T-Zell-Rezeptor 

kloniert und charakterisiert.  

Im ersten Teil der vorliegenden Dissertation wird die Erzeugung von transgenen Mäusen, 

den sogenannten Spikys, welche einen MHV spezifischen T-Zell-Rezeptor besitzen, 

beschrieben. Die Untersuchung der Transgenexpression zeigte, dass >98% der peripheren 

CD8-T-Zellen den MHV spezifischen T-Zell-Rezeptor expremieren. Funktionelle 

Untersuchungen der transgenen Spiky CD8-T-Zellen wiesen darauf hin, dass relativ hohe 
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Peptidkonzentrationen nötig sind, um die T-Zell-Aktivierung herbeizuführen und die damit 

eine niedrige funktionelle Bindungsfähigkeit aufweisen. 

Im zweiten Teil dieser Arbeit ermöglichte die MHV- Infizierung des Zentralen Nervensystems 

(ZNS) den Mechanismus aufzuschlüsseln, welcher die Rekrutierung der CD8-T-Zellen in das 

entzündete zentrale Nervensystem steuert. Während einer MHV induzierten 

Neuroentzündung, fanden wir eine drastisch erhöhte Expression der konstitutiven 

Chemokine CCL19 und CCL21. Sowohl die Endothelzellen der Blutgefässe als auch 

stromale Fibroblasten waren Hauptquellen der CCR7 Liganden. Bemerkenswerterweise 

führte das Ausserkraftsetzten der CCR7-Achse zu einer drastischen Beeinträchtigung der 

antiviralen T-Zell-Antworten innerhalb des ZNS; mit fatalen Konsequenzen. In CCR7 

defizienten Mäusen vermittelten CCR7 kompetente Spiky Zellen den Schutz gegen virale 

ZNS-Infektionen. Des Weiteren waren ausser-lymphatische Freisetzungen der CCR7 

Liganden ausreichend, um eine optimale Rekrutierung von antiviralen CD8-T-Zellen und die 

Eindämmung des Virus zu gewährleisten.  

Zusammengefasst, legte der zweite Teil dieser Doktorarbeit eine entscheidende Funktion der 

im ZNS exprimierten CCR7-Liganden offen. Diese steuern die Rekrutierung und 

Funktionalität der antiviralen CD8-T-Zellen in dieses Organ. 

Im dritten Teil dieser Doktorarbeit wurden die Folgen von Dichtevariationen des T-Zell-

Rezeptors auf die T-Zell-Funktion untersucht. Um eine gestaffelte Expression des MHV 

spezifischen T-Zell-Rezeptors zu erreichen, wurde der Retrogene-Maus-Ansatz benutzt. 

Durch die Kombination von CFSE-basierten in vitro Proliferationsexperimenten mit 

mathematischen Modellberechnungen und in vivo Experimenten konnte die Effizienz von T- 

Zellen, mit unterschiedlichen Anzahlen eines strukturell einheitlichen T-Zell-Rezeptors, 

beurteilt werden.  

Das erzielte Resultat offenbarte, dass zwei verschiedene, in Abhängigkeit von der T-Zell-

Rezeptor-Dichte stehende, Schwellenwerte existieren, welche sich entscheidend auf die T-

Zell-Aktivierung und T-Zell-Effizienz auswirken.     
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Während sich der erste Schwellenwert durch die minimale Anzahl der exprimierten T-Zell-

Rezeptoren auszeichnet, welche für die Aktivierung von T-Zellen nötig sind, definiert der 

Zweite die maximale Anzahl von T-Zell-Rezeptoren, die benötigt sind, um eine optimale T 

Zell-Aktivierung und folglich eine schützende Immunantwort zu garantieren. Eine über dem 

zweiten Schwellenwert liegende T-Zell-Rezeptoren-Expression führte zum abnormen 

Verhalten der antiviralen T-Zellen mit einhergehendem Verlust der schützenden Funktion. 

Diese Forschungsergebnisse weisen darauf hin, dass erstens der Erfolg der T-Zell-Therapie 

von einem eher breit gesteckten Rahmen der T-Zell-Rezeptoren-Oberflächendichte abhängt, 

welche die optimale Effizienz der T-Zellen definiert. 

Zweitens zeigt diese Studie, dass die Widerstandsfunktion des T-Zell-Rezeptors abhängigen 

Signals eine definierte biologische Grenze erreichen könnte, welche bei der Entwicklung 

einer erfolgreichen und sicheren adoptiven T Zell-Therapie in Betracht gezogen werden 

muss. 



 Introduction  	
  

	
   	
   6 

3 General Introduction 

 

3.1 General principles of the immune system 

 

Parallel to the evolution of pathogens, the immune system has evolved into a complex 

network of multiple effectors that exert their action in a synchronized fashion to protect the 

body from intruders. The immune system consists of two main branches: innate and 

adaptive. The innate immune system provides the first line of defense activated immediately 

after the recognition of pathogens. To achieve this, the innate system uses a limited number 

of germ line-encoded receptors that are able to distinguish between common molecular 

structures found on pathogens which are termed pathogen associated molecular patterns-

PAMPs (e.g. lipopolysaccharide, double stranded RNA) and those present in the body. 

These receptors belong to three main types of pattern recognition receptors (PRR): 

endocytic receptors expressed on the cell surface, signaling receptors expressed either 

intracellularly or on the cell surface and humoral proteins circulating in plasma (Medzhitov 

and Janeway, 1998). Communication between the innate and the adaptive branch of the 

immune system is achieved through secretion of inflammatory mediators that enhance the 

activation of the adaptive immune system and direct its function. The adaptive immunity 

relies on the usage of polymorphic receptors that cover the broad range of different antigens. 

The function of the adaptive immune system relies on two types of lymphocytes: T and B 

lymphocytes. Activation of T cells starts with recognition of peptide fragments processed and 

presented on major histocompatibility complex (MHC) molecules on the surface of antigen 

presenting cells (APCs) (Townsend and Bodmer, 1989). Additional signals received during 

interaction with APCs (Signal 2) and the surrounding inflammatory milieu (signal 3) are 

necessary to allow proper activation of these cells (Reis e Sousa et al., 1997). Two main 
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types of T cells are responsible for performing the tasks of the cellular arm of the adaptive 

system. While CD8+ T cells facilitate elimination of intracellular pathogens mainly using 

contact-dependent cytolytic pathways, CD4+ T cells are able to secrete a wide range of 

soluble mediators and are involved in regulation and execution of a broad range of functions. 

Depending on the signature cytokine responsible for their function, CD4+ T cells are assigned 

to different lineages. One of the main functions of CD4+ T cells is to support other cellular 

components in their functions, thus directing different elements of the immune response. For 

example, CD4+ T helper cells contribute substantially to development of successful CD8+ T 

cell responses (Bevan, 2004) and are also crucial for the optimal function of humoral 

immunity (Crotty, 2011). Recognition of antigens in their native structure by the B cell 

receptor (BCR) leads to activation of B cells that are responsible for production of soluble 

antibodies (Treanor, 2012). Secreted antibodies exert their effector function via 

neutralization, opsonization and complement activation. Unlike the innate immune system, 

the adaptive immune system is able to exhibit memory responses to antigens it had been 

exposed to. This feature allows higher functionality and faster eradication of pathogens 

following subsequent encounter. The highly complex network of cellular interactions within 

the immune system relies on the specific structure of secondary lymphoid organs (SLO) that 

generate optimal microenvironments for different types of interactions and hence supports 

development of protective immune responses. 
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3.2 T cells biology 

 

3.2.1 T cell development 

 

The arrival of lymphoid progenitor cells to the thymus starts with embryonic day 11.5 (E11.5) 

in mice and at eighth weeks of gestation in humans (Owen and Ritter, 1969). During the 

early stage of embryonic development, i.e. before the vascularization of the thymus, 

settlement of the incoming progenitors relies on chemotactic attraction mainly provided by 

the chemokines CCL21 and CCL25 (Liu et al., 2005; Wurbel, 2001). Vasculature-dependent 

immigration takes place during later stages of embryogenesis and in the postnatal phase. 

Lymphoid progenitors that colonize the postnatal thymus transmigrate from the blood and 

enter the thymic parenchyma through blood vessels in the cortico-medullary junction (Lind et 

al., 2001). While the role of chemokines in seeding the postnatal thymus is still unclear, 

seeding of the adult thymus is regulated by interactions between platelet selectin 

glycoprotein ligand 1 (PSGL1) expressed on circulating lymphoid progenitor cells and P-

selectin expressed by thymic vascular endothelium (Rossi et al., 2005). Once in the thymus, 

early T cell linage progenitors (ETP) will start their developmental pathway fostered by 

extensive interactions with stromal cells of the thymic microenvironment that provide signals 

to drive the thymocyte differentiation program. Migration of developing thymocytes through 

the different thymic microenvironments appears to be crucial for establishment an orderly 

sequence of thymocyte development. The initial ’pro-T-cell’ stage of CD4-CD8- thymocyte 

development is independent of TCR signaling and covers stages from ETP to double 

negative stage 3 (DN3) (Rothenberg et al., 2008). ‘Pro-T cell’ stages of thymocytes are 

characterized by the differential expression of CD25, CD44 and CD117 with the ETP (DN1) 

cell being CD25−CD44+CD117+. Transition of ETP to DN2 will take place after cells have 

spent ~10 days within the perimedullary cortex, going through several rounds of proliferation. 
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The Notch signaling pathway together with homeostatic feedback signals influence the final 

decision of ETP transition to the DN2 stage which is associated with chemokine receptor 

CXCR4, CCR7 and CCR5 mediated translocation to the inner cortex of the thymus 

(Hernandez-Lopez, 2002; Ara et al., 2003). Thymocytes in development stage DN2 are 

characterized by the CD25+CD44+CD117+ phenotype and continue with massive 

proliferation. In this stage, the cells are still highly dependent on Notch signaling. After ~2 

days spent within the inner cortical area, DN2 thymocytes will start a CCL25 and CXCL12 

chemokine-driven translocation to the area of outer cortex where they will acquire functional 

and phenotypic characteristics of DN3 stage thymocytes characterized by 

CD25+CD44loCD117lo expression. Signals received from the cortical microenvironment 

determine the irreversible commitment of DN3 thymocytes to the T cell linage. While losing 

all non-T cell developmental options, thymocites will reduce their proliferation rate and start 

the process of TCRβ rearrangement as a hallmark of DN3 stage. While expression of RAG 

genes in lymphoid progenitors can contribute to earlier induction of TCRγ and TCRδ 

rearrangement, the TCRβ locus will become accessible for rearrangement only at the DN3 

stage, therefore allowing for the final commitment to the αβ   or the γδ T cell lineage. The 

movement of DN3 cells to the subcapsular zone coincides with a critical developmental 

transition from the DN to CD4+CD8+ (double positive, DP) stage. Survival of cells transiting 

from DN to DP stage depends on successful, in-frame rearrangement of at least one TCRβ 

allele. Cells that fail to successfully rearrange either TCRβ allele die at this point, whereas 

surviving cells begin to express the immature form of the T cell receptor (preTCR) on their 

surfaces. Extensive proliferation of preTCR expressing cells accounts for massive increase 

in population of preDP cells that now highly upregulate expression of CD4 and CD8. At this 

stage, preT cells will start recombination on α TCR locus that will lead to expression of a 

functional αβ TCR and subsequent migration to the inner cortex. This stage of intrathymic 

development is associated with profound changes in developmental program of T cells, i.e. 

the subsequent stages will not be dependent on Notch signaling. Thymocytes in cortex at 
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this stage are highly motile while still intensively interacting with stromal cells, such cTECs or 

dendritic cells (Bousso et al., 2002).  

The nature of the interaction between peptide-MHC presented by non-hematopoietic (radio-

resistant) cells in the cortical region of the thymus and the TCR expressed by DP thymocytes 

decides the fate of developing T cells in a process known as positive selection. Low affinity 

interaction between the TCR and MHC molecules loaded with self-peptides presented by 

cTECs will ensure survival of DP thymocytes with potentially useful TCRs. In contrast, those 

bearing an MHC-independent TCR will be removed and “die by neglect”. Positively selecting 

signals are received by only 3-5% of developing thymocytes (Goldrath and Bevan, 1999; 

Egerton et al., 1990). The process of positive selection will result in the generation of single 

positive (SP) thymocytes with defined CD4 or CD8 lineage commitment. TCR-mediated 

signals involved in positive selection induce expression of CCR7 on positively selected SP 

thymocytes that allows these sells to migrate towards CCL19/CCL21-producing epithelial 

cells of the thymic medullary region (Petrie and Zúñiga-Pflücker, 2007). Within the medulla, 

maturation of SP thymocytes is accompanied by deletion of potentially self-reactive 

thymocytes throughugh the process of negative selection that ensures central tolerance to 

tissue-specific antigens. While positive selection is dependent on a large number of low 

affinity TCR-pMHC interactions, negative selection depends on low numbers of high-affinity 

TCR interactions which lead to elimination of thymocytes bearing self-reactive TCRs (Palmer 

and Naeher, 2009). Medullary thymic epithelial cells (mTECs) play a dominant role in 

negative selection by allowing ectopic expression of non-thymic tissue antigens under the 

control of the transcription factor autoimmune regulator (AIRE) (Zuklys et al., 2000). 

Nevertheless, successful negative selection demands cooperation between mTECs and 

DCs. Given the function of DCs as professional antigen presenting cells, cross-presentation 

of tissue-specific self-antigens supplied to DCs by mTECs contributes to fine-tuning of the 

selection process (Klein et al., 2009) Additionally, mTECs and thymic DCs have been 

reported to contribute to conversion of potentially self-reactive thymic T cell to natural T 

regulatory cells (T regs) (Kyewski and Derbinski, 2004).  
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Finally, emigration of mature thymocytes from the thymus is an active process that depends 

on the developmental stage of the organism and is regulated by two different G-protein 

coupled receptors. While thymocyte emigration in newborn mice relies on CCR7-dependent 

signals, sphingosine-1-phosphate receptor 1 (S1P1) expression is required for emigration of 

developed SP thymocytes from the adult thymus (Matloubian et al., 2004). Mature 

thymocytes exit the thymus through the perivascular space and are funneled into post-

capillary venules, arterioles and lymphatics. 

 

Figure 1. T cell development. 

T cell progenitors enter the thymus through blood vessels near the cortico-medullary 

junction. During development double-negative (DN) thymocytes move towards the sub-

capsular zone in the outer cortex, where they start rearranging TCR β locus. Following TCR 

expression, double-positive (DP) cells randomly move through the cortex and scan cortical 

thymic epithelial cells (cTECs) for positively selecting ligands. Selected thymocytes undergo 

CD4 or CD8 lineage commitment and relocate to the medulla of the thymus where process of 

negative selection takes place. Single-positive (SP) tymocytes bearing TCRs that establish 

high affinity interactions with presented peptide-MHC complexes are deleted from the 

thymus. Those thymocytes that survive exit the thymus and seed the periphery. 
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3.2.2 CD8 vs. CD4 lineage commitment  

 

The thymic environment not only helps in eliminating the majority of self-reactive T cells, but 

also determines CD4 vs. CD8 lineage commitment. Over the years, many model have been 

developed to explain the mechanism of early T cell lineage-fate decision including classical 

models such as “stochastic selection model” (Leung et al., 2001; Davis et al., 1993), 

“strength–of–the signal instructional model” (Itano et al., 1996) and “duration-of-signal 

instructional” (Yasutomo et al., 2000) or “kinetic signaling model” (Brugnera et al., 2000). 

Currently, the non-classical, kinetic signaling model is considered as the best one to explain 

the mechanism of CD4/CD8 lineage choice. In short, this model proposes that the lineage 

choice is made based on two different types of signals where prolonged TCR signaling will 

result in CD4 lineage differentiation, while signaling through cytokine-receptors will influence 

CD8 lineage decision (Singer et al., 2008). Indeed, TCR-signaling in DP thymocytes will 

result in termination of Cd8 gene transcription, regardless of MHC-restriction specificity of the 

TCR, while Cd4 gene transcription remains unchanged (Brugnera et al., 2000). Resulting 

CD4+/CD8low cells remain lineage-uncommitted with preserved potential to differentiate to 

both CD4 and CD8 T cells. At this stage, if there is continued signaling through the TCR after 

abortion of Cd8 gene transcription, thymocytes will receive the confirmation that TCR-pMHC 

interaction is not CD8 dependent and will make the CD4 lineage choice.  

Following persistent TCR signaling, CD4+CD8low cells will upregulate the level of the Th-POK 

transcriptional factor (T-helper-inducing POZ/Kruppel-like factor) which will ensure 

differentiation into CD4 T cell lineage by maintaining Cd4 transcription and further decreasing 

Cd8 gene expression. In an alternative scenario, cessation of TCR signaling in the absence 

of Cd8 gene transcription will indicate dependency of TCR signaling on CD8 expression and 

will drive CD8 lineage choice (Sun et al., 2005; He et al., 2005) . The final differentiation of 

CD8-committed CD4+CD8low thymocytes into CD8+ T cells involves the process of “co–

receptor reversal” which will ensure termination of Cd4 and reinitiating of Cd8 gene 
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transcription (Brugnera et al., 2000). The process of co-receptor reversal crucially relies on 

signals received through IL-7 and possibly other γc intrahymic cytokines (Yu et al., 2003; 

Brugnera et al., 2000). While prolonged TCR signaling prevents intermediate thymocytes 

from undergoing co-receptor reversal in response to IL-7, only CD8-dependent DP 

thymocytes that are not able to receive the signal through the TCR will be permissive to IL-7 

signaling and therefore undergo co-receptor reversal. During this process signals received 

through IL-7R will lead to increased activity of the E81 enhancer (transcriptional regulator of 

Cd8a expression) and gene transcription of Cd8a (Singer et al., 2008). The transcription 

factor RUNX3 (runt-related transcriptional factor 3) upregulated in CD4+CD8low thymocytes 

undergoing CD8+ T cells differentiation has been involved in reinitiation of Cd8 expression 

and further silencing of Cd4 gene translation therefore promoting final differentiation into 

CD8+ T cells (Sato et al., 2005; Grueter et al., 2005) . 

 

3.3 αβ  TCR receptor complex  

 

3.3.1 Structure of αβ TCR molecular complex 

 

The TCR αβ molecule is a dimer composed of two chains, each of them consisting of the N 

terminal part known as variable (V) region, followed by the non-polymorphic constant (C) 

region. The variable region contains three hypervariable elements termed complementary-

determining regions 1-3 (CDRs) that in large define the specificity of TCR-pMHC interactions. 

In addition to the constant region, there is a short connecting sequence containing a double 

cysteine bond that stabilizes the connection between the two chains. A short transmembrane 

sequence of 21 to 22 amino acids anchors each of the chains into the membrane and is 

followed by a short intracellular sequence composed of 5-12 amino acids. Transmembrane 
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regions of both α and β TCR chains contains amino acids with positive charge that allow for 

successful interaction with the CD3 complex. This complex consists of five invariant chains 

that are organized to form three heterodimers: γε (gamma-delta), δε (delta-epsilon) and 

ζη (zeta-eta). The invariant chain η in ζη (zeta-eta) heterodimer is frequently replaced with its 

splicing variant ζ , leading to homodimer  - ζζ. Each invariant chain consists of extracellular 

domain followed by a short transmembrane region composed of negatively charged amino 

acids and an intracellular tail that contains immunoreceptor tyrosine-based activation motif 

(ITAM)(Call and Wucherpfennig, 2004). Expression of the CD3 complex is a prerequisite for 

stable expression of the αβ TCR dimer on the surface of the T cell membrane. Finally, the 

co-receptor molecules CD4 and CD8 represent important members of TCR molecular 

complex. Mature T cell express one of the co-receptors based on the decision made during 

intrathymic development that determines final lineage commitment of T cells and sets the 

stage for its defined behavior as mature CD4+ or CD8+ T cell. Although expressed on 

different cell subsets, the function of the two co-receptors is comparable. Binding of CD8 to 

conserved regions of MHC I or CD4- binding to conserved regions of MHC II increase the 

avidity of TCR-pMHC interaction and stabilizes the complex. However, these two molecules 

are structurally quite distinct. While CD4 is a single molecule with a long extracellular domain 

composed of four immunoglobulin-like structures, a short transmembrane domain and a 

short cytoplasmic domain, CD8 is made up of two (αα or αβ) molecules each with one 

immunoglobulin (Ig)-like domain and a long stalk, a transmembrane region and short 

cytoplasmic tail. Overall, the TCR complex represents a multi-molecular structure that has 

evolved over time to provide distinction of self from non-self structures. Nevertheless, the 

dependency of TCR signaling on many other molecules present on the membrane of T cells 

requires fine-tuning of signals received through the TCR for generating the optimal and safe 

immune responses. 
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3.3.2 TCR recombination – diversification of the defense arsenal 

 

The ability of the immune system to provide protection against the high variability of 

pathogens relies on the outstanding potential of lymphocytes to convert a limited number 

germline-encoded gene fragments into an almost unlimited repertoire of receptor molecules. 

Through the process of V(D)J recombination that takes place in developing lymphocytes up 

to 1x1015 different αβ TCR receptors could be formed (Davis and Bjorkman, 1988). However, 

as a mouse contains ~ 2x108 T cells and at least some T cells that express the same TCR, 

the number of different TCRs present at one time in a mouse is estimated to ~ 2x106 

(Casrouge et al., 2000) . 

Estimated diversity of TCR repertoire in mice relies on the combination of several different 

mechanisms. The process of V(D)J recombination of 71 variable (V) and 51 joining (J) 

segments within the α chain locus on mouse chromosome 14 leads to 3x103 possible 

combinations for only the α chain. Furthermore, 35 different V segments on β chain locus on 

chromosome 6 can be combined with 2 D (diversity) and 12 J to giving rise to 460 possible 

combinations (Turner et al., 2006). As the antigen-binding specificity of the TCR depends on 

the combination of variable regions of both chains, random association of α and β chains 

leads to further increase in αβ TCRs diversity.  

Lack of precision during V(D)J recombination is another mechanism attributing to further 

diversification of the TCR repertoire. V(D)J recombination is the process that takes place 

exclusively in developing lymphocytes and relies on the activity of recombination-activating 

genes (RAG)-1 and -2. Acting synergistically, these two enzymes recognize recombination 

signal sequences (RSSs) that flanking each germ-line V, D or J elements and bring them into 

proximity. RSS sequences consist of highly conserved palindromic heptamer or AT-rich 

nonamer that are separated by ether 12 (one turn RSS) or 23 base pairs (two turn RSS) 

(Fugmann et al., 2000). Specific distribution of two types of RSSs and the rule that the same 

type of the sequences cannot be brought together ensures the sequence of V(D)J 
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recombination. RAG enzymes catalyze one strand DNA cleavage at the junction of the signal 

and the coding sequence giving rise to hairpin structures at the ends of two coding 

sequences. Opening of the hairpin structure achieved through unspecific action of 

endonucleases leads to generation of uneven DNA ends that are corrected by addition of 

palindromic P-nucleotides or trimming of the nucleotides by single-strand endonuclease. Cut 

ends of DNA are then exposed to addition of up to six nucleotides by action of terminal 

deoxynucleotid transferase (TdT) (Komori et al., 1993). Finally, two coding sequences are 

connected through normal double strand brake repair (NDBR) while noncoding sequences 

are removed. Imprecise by nature, the process of physical binding of coding elements 

brought together by gene rearrangement further contributes to TCR diversity. Unspecific 

addition and removal of nucleotides from the junction regions creates highly polymorphic 

complementary determining regions (CDR) that determine fine specificity of TCR for pMHC 

complex.  

	
  

Figure 2. Generation of TCR diversity by somatic recombination of TCR gene 
segments. 

a) Products of somatic gene recombination of variable (V), diversity (D) and junctional 

(J) gene segments for the β chain, and V and J gene segments for the α chain are spliced 

together with the constant region (C) to form the functional αβ TCR. b) Regions of 
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hypervariability, known as complementarity-determining regions (CDRs), are encoded in the 

V gene segments. Diversification of the TCR Vα and Vβ gene segments depends on the use 

of different CDR1 and CDR2 regions. CDR3 is created by the juxtaposition of different V(D)J 

germline segments after somatic recombination. The lack of precision during V(D)J gene 

rearrangement results in the addition of non-template-encoded nucleotides (N) at the V(D)J 

junctions, further increasing the diversity of the naïve TCR repertoire. 

	
  

Combination of these mechanisms of TCR diversification increases the diversity of the TCR 

repertoire. Given the fact that majority of processes involved in generation of highly diverse 

TCR pool are based on random events, the danger of generating potentially self-reactive T 

cells is high. Therefore, mechanisms of central and peripheral tolerance play important safety 

mechanism to weed out T cells with undesired specificities and prevent potential 

autoimmune events.  
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3.3.3 TCR signaling – T cell fate determined by the signal strength  

 

3.3.3.1 TCR triggering models 

 

Signal strength as a function of the affinity of the TCR for pMHC complexes is a predominant 

factor determining the outcome of T cell – APC interaction. Given the immense diversity of 

TCRs and pMHC complexes the magnitude of possible TCR-pMHC interactions creates 

nearly continuum of signals received by T cells. In a given situation, the T cell signaling 

machinery must precisely compute input signals. Importantly, it is still not completely 

resolved, how low numbers of foreign peptides presented by MHC molecules are 

distinguished from the noise of highly abundant self-peptide-MHC complexes and how the 

differences in signal strength translate into qualitatively different functional responses. 

Several, not mutually exclusive models have been proposed to answer these questions. 

The conformation change model proposes that the binding to pMHC molecule alters the 

conformation of the αβ TCR dimer initiating a cascade of events finally leading to T cell 

activation (Choudhuri and van der Merwe, 2007). However, the lack of biophysical evidence 

to support this model and more recent findings involving conformation change of the 

cytoplasmic region of CD3 molecule upon TCR ligation suggested an alternative scenario. 

According to the adaptations of the model, the basic residue rich sequence (BRS) of the 

CD3ε molecule ITAMs of naïve T cell is buried in the lipid bilayer and therefore protected 

from phosphorylation. Upon TCR ligation these ITAMs are released from the bilayer and 

expose to phosphorylation (Aivazian and Stern, 2000; Kuhns and Davis, 2008). Mechanistic 

forces arising from TCR interaction with pMHC transferred through the rigid structure of CD3 

ectodomains are suggested as the major driver of the observed CD3 conformational change. 

The observation that reagents disrupting actin polymerization abrogate TCR triggering 

indicates that cytoskeletal changes occur in the area exposed to the active source of force 



  Introduction	
  

 19 

created by TCR-pMHC interaction (Valitutti et al., 1995). Moreover, pulling or 

pushing/twisting of the TCR following pMHC engagement is suggested as a second 

mechanosensing mechanism (Kuhns et al., 2006; Davis, 2002). Pulling or shearing 

mechanisms are probably more effective than forces created by pushing because only 

specific interactions can resist pulling or shearing forces (van der Merwe and Dushek, 2011). 

The mechanical force-based conformation change model is attractive because it can explain 

how the binding at the structurally variable pMHC binding site of the TCR can induce the 

same conformation change in all TCR-CD3 complexes leading to T cell activation. 

Furthermore, the affinity of TCR variable sites for pMHC determines the duration of the 

contact and thereby the duration of the mechanical force that causes the conformation 

change. 

The second model dealing with molecular details of TCR triggering proposes the mechanism 

of segregation or redistribution of TCR-CD3 complexes as decisive event in T cell activation 

(Choudhuri and van der Merwe, 2007). The finding that high levels of phosphorylation of 

lymphocyte-specific protein tyrosine kinase (Lck) found in naïve T cells does not change 

upon activation suggested than phosphorylation by constitutively active Lck is kept in check 

by constitutively active phosphatases (Nika et al., 2010). Therefore, events disturbing this 

balance would lead to an increase in TCR-CD3 ITAM phosphorylation and T cell activation. 

Within seconds after TCR ligation TCRs form dynamic TCR microclusters at the initial 

contact region between the T cell and the APC (Varma et al., 2006). While many small 

signaling molecules promoting phosphorylation and therefore sustained signaling are being 

accumulated within the microclusters, molecules with large ectodomains such as inhibitory 

tyrosine phosphatase CD45 and CD148 are excluded from this structures due to the binding 

energy created during TCRs ligation. Therefore, binding to pMHC ligand shelters TCR-CD3 

complexes within a closed microcluster zone where they are protected from 

dephosphorylation by inhibitory phosphatases, thus allowing long-lived phosphorylation of 

CD3 ITAMs and downstream molecules ultimately leading to T cell activation. 
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Two models of TCR triggering were proposed on the basis of quantitative features of T cell 

activation and ligand discrimination: ‘kinetic proofreading model’ and ‘serial triggering model’. 

The kinetic proofreading model proposes that agonists induce phosphorylation of the T cell 

signaling machinery proportional to the TCR-pMHC interaction time (McKeithan, 1995). 

Moreover, the model implies that higher affinity interactions would have slower dissociation 

rates leading to stronger phosphorylation and therefore stronger activation of the cells. 

Importantly as the model does not take into account regulatory feedback loops, it leaves out 

the fact that too long interaction times are detrimental for T cell activation. The issue of 

optimal dissociation times is taken into account in the ‘serial triggering model’. This model 

proposes that the interaction time between TCR and pMHC should last for long enough to 

allow the signaling to occur, but should also be sufficiently short allowing single agonists to 

activate multiple TCRs therefore amplifying the signal (Valitutti et al., 1995b). The serial 

triggering model offers the explanation how small numbers of agonists can allow sustained 

signaling.  

As the two proposed models are not mutually exclusive, the combination of both offers a 

reasonable theoretical framework to explain T cell activation. However, as they fail to 

realistically reflect the complexity of the TCR ’signalosome’ and its regulation, new molecular 

models provide a more comprehensive understanding. 
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3.3.3.2 Components of the TCR signaling pathway the TCR “signalasome” 

 

TCR triggering induced by one of the described mechanisms or their combination leads to 

phosphorylation of ITAMs in the cytoplasmatic tails of the CD3 subunits by LCK, a SRC-

family member of protein tyrosine kinases (PTK). For proper regulation, LCK must be 

anchored into glycolipid-enriched membrane microdomains (GEMs) (Harder and Engelhardt, 

2004). Dynamic modules responsible for regulation of LCK activity consists of four elements: 

the transmembrane protein kinase (PTP) CD45, the cytoplasmic tyrosine kinase CSK (C-

terminal SRC kinase), GEM-bound resident scaffold phosphoprotein protein PAG 

(phosphoprotein associated with GEM) and the adaptor protein TSAD (T-cell-specific adaptor 

protein). Additional regulation is exerted by cytoplasmic phosphatases PTPN22 

(phosphatases protein tyrosine phosphatase non-receptor type 22), SHP1 (SRC homology 2 

(SH2)-domain- containing proteintyrosine phosphatase 1) and kinase ERK (extracellular-

signal-regulated kinase) (Acuto et al., 2008). This complex LCK regulation results in the 

generation of three isoforms of LCK: inactive, ‘primed’ and active. In non-stimulated cells one 

fraction of LCK is anchored in GEMs while the other is associated with co-receptor molecules 

CD4 and CD8. GEM anchored protein PAG is phosphorylated and recruits CSK, which 

phosphorylates the inhibitory tyrosine residue of LCK keeping it in an inactive state (Veillette 

et al., 2002). TCR triggering induces dephosphorylating of PAG that releases CSK, 

preventing access LCK. Further, PTP CD45 mediated dephosphorylation of LCK’s inhibitory 

tyrosine deletes inhibitory effects posed by CSK and sets LCK into an active state. TSAD 

binds to active LCK and positively regulates its function (Acuto et al., 2008). However, the 

finding that the majority of the LCK molecules in naïve cells is in the active form indicates 

that phosphorylation of CD3 ITAMs, which is a key step in signal transduction, might be 

triggered by bringing the TCR into proximity with pre-activated LCK. The fraction of LCK 

associated with the co-receptors CD4 and CD8 may possibly optimize TCR signaling by 

delivering active LCK to ligand-bound TCR. Nevertheless, the fact that TCR signaling can 
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occur in the absence of co-receptors, suggests that proximity of LCK to CD3 ITAMs could be 

achieved by transient co-localization in GEMs (Drevot et al., 2002). In the next step, LCK 

mediated phosphorylation of tyrosine residues of one ITAM creates a docking site for ZAP70 

(ζ- chain-associated protein kinase of 70kD). Following binding of multiple copies of ZAP70 

to phosphorylated CD3 ITAMs, a two-stage activation of the enzyme will take place (Deindl 

et al., 2007; Acuto and Cantrell, 2000). The first stage of activation involves ‘unlocking’ of 

ZAP70 by binding to phosphorylated ITAMs and LCK mediated phosphorylation. In the 

second step autophosphorylation of ZAP70 allows for full catalytic activation of the enzyme. 

Sustained generation of activated ZAP70 is important to allow connection to the next module 

of the ‘signalasome’ making this step one of the most important decision-making points of 

TCR signaling. While basic levels of non-phosphorylated ZAP70 in association with 

CD3ε ITAMs is a signature of self-peptide MHC recognition, accumulation of large numbers 

of activated ZAP70 molecules for a short time on the ITAMs of a single TCR is a prerequisite 

for full T cell activation. This mechanisms is indicative for the importance of multiple copies of 

ZAP70 binding cites, i.e. ITAMs, to determine their sensitivity of TCR-pMHC ligands (Love et 

al., 2000). Connection to the next module of the ‘signalasome’ is achieved by ZAP70-

mediated phosphorylation of several tyrosine residues of GAM-scaffold protein LAT (linker of 

activation of T cells) and SLP76 (SH2-domain-containing leukocyte protein of 76kDa), which 

opens the possibility for recruitment of various effector proteins contributing to the 

diversification of the signal. Highly cooperative interactions between different components of 

the LAT-SLP76 module allow for fine regulation of the signal diversification influencing the 

final outcome of TCR ligation. For example, PLCγ1 (phospholipase Cγ1) binds to both LAT 

and SLP76, but requires VAV1 (that is binding to SLP76) for successful interaction with 

SLP76, while GADS (growth-factor-receptor-binding protein 2 (GRB2)-related adaptor 

protein) which acts as the bridge between LAT and SLP76, cannot bind to LAT in the 

absence of SLP76 (Acuto et al., 2008). However, the numbers of the components included in 

the complex as well as the stoichiometry of the complex formed after single TCR 
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engagement are still not know. The possibility remains that the composition of the complex 

assembled at the LAT-SLP76 scaffold is determined by the signal strength of TCR triggering 

allowing generation of qualitatively different responses reflecting quantitatively different input 

signals. The outcome of the interdependent relations of the components involved in LAT-

SLP76 scaffold is revealed through action of several molecules including ADAP (adhesion-

and degranulation-promoting adaptor molecule), NCK (non-catalytic region of tyrosine 

kinase), VAV1 and PLCγ1 (Smith-Garvin et al., 2009). ADAP mediated activation of integrins 

upon initial TCR triggering allows for an increase in affinity of T cell integrin LFA1 for its 

binding partner ICAM1 (Intercellular Adhesion Molecule 1) expressed by APCs resulting in 

prolonged interaction between the cells allowing full T cell activation to take place (Peterson 

et al., 2001). NCK and VAV1 are involved in regulation of actin polymerization leading to 

cytoskeletal rearrangement, the process that strongly supports T cell activation (Faure et al., 

2004). Importantly, activation of integrins and cytoskeletal rearrangement have crucial role in 

organization and regulation of the immunological synapse (IS). While the exact role of the IS 

in T cell activation remains controversially discussed, it is now clear that this formation 

develops through merging of peripheral microslusters as areas where initiation of TCR 

signaling occurs (Smith-Garvin et al., 2009a). Formation of new and translocation of already 

formed microclusters into the IS is achieved through cytoskeletal rearrangement. 

Furthermore, integrins play an important structural role in the IS as they represent the major 

component of its outer ring-peripheral supramolecular activation cluster (pSMAC) (Grakoui, 

1999). The inner area of the IS is referred to as central SMAC (cSMAC) and is suggested to 

be the site of both TCR degradation and signal enhancement, the balance of which is 

determined by the nature of the ligand (Cemerski et al., 2008).  
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Figure 3. Components of TCR signalosome and their interactions. 

a) Regulation module includes the lipid-raft-associated proteins LCK and PAG 

(phosphoprotein associated with glycolipid-enriched membrane domains).  

A fraction of LCK is associated with the co-receptor CD4 (or CD8, not shown). In 

unstimulated cells phosphorylated PAG recruits CSK (C-terminal SRC kinase), which is 

involved in negative regulation of LCK. TCR engagement leads to PAG dephosphorylation 

causing CSK release. Protein tyrosine phosphatase (PTP) CD45 dephosphorylates LCK, 

thereby counteracting CSK activity. The adaptor TSAD (T-cell-specific adaptor protein) then 

binds to and positively regulates LCK. b) Following TCR agonist stimulation, LCK 

phosphorylates immunoreceptor tyrosine-based activation motifs (ITAMs) of CD3ζ chains. 

ITAM binding and LCK-dependent tyrosine phosphorylation recruits and activates ZAP70 

(zeta-chain-associated protein kinase of 70 kDa) that phosphorylates the scaffold proteins 

LAT (linker for activation of T cells) and SLP76 (SRC homology 2 (SH2)-domain-containing 

leukocyte protein of 76 kDa). c) Diversification module includes regulators of Ca2+ signaling 

and diacylglycerol (DAG) production (which are PLCγ1 (phospholipase Cγ1) and ITK 

(interleukin-2-inducible T-cell kinase)), actin polymerization (which are NCK (non-catalytic 

region of tyrosine kinase) and VAV1) and integrin activation (ADAP (adhesion- and 

degranulation-promoting adaptor protein)), all of which are activating signaling pathways that 

control cell adhesion, cytoskeletal rearrangements and gene expression. In addition to 

activation of the signal triggering module, LCK may phosphorylate components of the 

diversification and regulation module (such as ITK and VAV1). GADS, growth-factor-
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receptor-bound-protein-2-related adaptor protein; InsP3, inositol-1,4,5-trisphosphate; NF-

kappaB, nuclear factor-kappaB; PKC, protein kinase C. 

 

Finally, ITK (Interleucin-2 –inducible T-cell kinase) dependent PLCγ1 activation results in 

hydrolysis of the membrane lipids PI(4,5)P2 (Phosphatidylinositol-4,5-bisphosphate)  

generating the second messengers DAG (diacyl glycerol) and IP3 (inositol-1,4,5-

trisphosphate) (Smith-Garvin et al., 2009a). These second messengers lead to opening of 

numerous signaling pathways involving Ras and PKCθ Ca2+/calmodulin-dependent  signaling 

mediated by IP3. While Ras is important for unfolding MAPK kinase pathway, PKCθ  and  NF-

κB pathways result in activation of specific sets of genes responsible for T cell proliferation, 

survival, differentiation and homeostasis. Ca2+/calmodulin dependent signaling will activate 

the transcriptional factor NFAT (nuclear factor of activated T cells) that can form cooperative 

complexes with a variety of other transcriptional factors (e.g. transcriptional factors of Ras 

signaling pathway), therefore integrating different signaling pathways and differential gene 

expression patterns (Smith-Garvin et al., 2009a).  

 

3.3.3.3   Regulation of TCR signaling – implications for TCR sensitivity and 

specificity  

 

TCR ligand recognition relies on a network of rapid biochemical reactions initiated and 

propagated in a fashion determined by the fine nature of input signal. Rapid signal 

amplification is under tight control by both positive and negative feedback mechanisms which 

are mediated through reversible modifications of signaling molecules, i.e. mainly 

phosphorylation reactions. Modification of reaction rates of positive and negative feedback 

loops sets the sensitivity, specificity and signal amplitude of specific TCR-pMHC complex 

interaction. Tight control of the TCR signaling machinery is achieved by several different 

mechanisms including early and late steps in the ‘signalosome’, as well as delayed stages of 
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T cell activation covering hours after the initiation of signaling when the cells have already 

acquired effector and memory functions.  

Negative feedback mechanisms acting on the level of the signalosome are mainly active in 

naïve T cells and thymocytes. One of the molecules with regulatory function is the PTP 

SHP1, which in its unbound form is inactive, while phosphorylation of signature tyrosine 

residues and binding to the ITAMs releases its phosphatase activity (Stefanová et al., 2003; 

Kilgore et al., 2003). Upon antagonist binding, LCK associates with and phosphorylates 

SHP1, which in turn dephosphorylates LCK abolishing further signal propagation. In contrast, 

in response to agonist ligands, SHP1 recruitment to signalosome and activation is delayed. 

In this situation, a positive feedback loop mediated by ERK allows for LCK phosphorylation, 

in the same time disabling SHP1 interaction with LCK. Therefore, SHP1 acts as immediate 

negative feedback mechanism by increasing the activation threshold and thereby allowing for 

ligand discrimination. Evidence further underlining the importance of SHP1-mediated 

regulation comes from mice lacking cytoplasmic SHP1 which show increased positive and 

negative selection, exhibit enhanced T cell activation and develop autoimmunity (Pao et al., 

2007). Additional negative feedback regulation of the early signaling events is achieved 

through adaptor proteins DOK1 (downstream of kinase 1) and DOK2 (Yasuda et al., 2007). 

TCR signaling triggers rapid phosphorylation of DOK1/DOK2 and allows for their association 

with LAT, placing the adapters in close proximity to ZAP70. In this location, negative 

regulation of DOK1/DOK2 can be achieved through competition with ZAP70 for binding to 

CD3 ITAMs or competition with members of LAT-SLP76 complex for binding to LAT. 

Development of autoimmunity and impaired T cell homeostasis in mice deficient in 

DOK1/DOK2 molecules stresses their involvement in negative regulation of the TCR-

signalosome. Finally, later stages of TCR signalosome activation are under regulation of 

HPK1 molecule (hematopoetic progenitor kinase1) that is phosphorylated by ZAP70 and 

LCK subsequently joins the LAT-SLP76 scaffold. HPK1 seems to be essential for the 

regulation of TCR-signalosome activity as its deletion or reduction of expression leads to 

increased TCR-dependent tyrosine phosphorylation of several signaling proteins including 
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SLP76, PLCγ1, LAT, VAV1 and ZAP70 as well as increased Ca2+ signaling (Di Bartolo et al., 

2007; Shui et al., 2007). While the precise mechanism of HPK1 mediated negative regulation 

is not fully clarified, experimental evidence suggests a role in destabilization of the 

signalosome, directly or through recruitment of other negative regulators. 

Finally, molecules that are not part of the TCR complex but can influence the outcome of T 

cell activation by feeding the signal into TCR signalosome are referred to as co-signaling 

molecules. Most co-signaling molecules are members of immunoglobulin superfamily (IgSF) 

and tumor necrosis factor receptor superfamily (TNFRSF) (Chen and Flies, 2013). However, 

depending on the type of the signal they deliver to the signalosome, members of the two 

families can be further divided to molecules with co-stimulatory and co-inhibitory functions. 

Co-stimulatory molecules include CD28, OX-40, ICOS, or CD2 which synergize with the TCR 

signalosome to promote cell cycle progression, cytokine production and T cell survival. A 

limited number of co-stimulating molecules is expressed on naïve T cell such as CD28 which 

substantially enhances signals received through the TCR and hence promotes T cell priming. 

Other co-stimulatory molecules are expressed only following T cell activation and can 

promote proliferation and survival of effector T cells or shape the behavior of memory T cells 

(Chen and Flies, 2013).  

Co-inhibitory molecules are expressed mainly after initial T cell activation and are involved in 

regulation of TCR signals. Co-inhibitory molecules include PD-1 (programmed cell death 1), 

CTLA 4 (Cytotoxic T-Lymphocyte Antigen 4) and CD5. These molecules generally function 

through recruitment of cytosolic phosphatases that dephosphorylate components of the TCR 

signalosome (ZAP70 and LAT) thereby inhibiting cell cycle progression and cytokine 

production (Smith-Garvin et al., 2009a). Co-inhibitory molecules can also regulate distal 

signaling events by inhibiting phosphorylation of ERK and JUN, leading to further reduction 

of T cell function (Rudd et al., 2009; Patsoukis et al., 2012).  

In summary, the TCR complex is the main trigger for functioning of the highly potent T cell 

machinery. Development of high-level control mechanisms, covering different temporal and 
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spatial aspects of TCR signaling permits safe T cells responses through interaction with 

target cells at high levels of specificity and sensitivity. 

 

3.3.4 CD8+ T cell activation and effector functions  

 

3.3.4.1 CD8+ T cell activation 

 

The development of cytotoxic T lymphocyte (CTL) responses is a cornerstone in the defense 

against infection with intracellular bacteria and viruses. The process of CD8+ T cell activation 

takes place within secondary lymphoid organs (SLO) that provide structural support for the 

successful interaction between CD8+ T cells and antigen presenting cells (APC) (Junt et al., 

2008). While all nucleated cells can convert intracellular proteins into peptide fragments and 

present them in a MHC I-dependent fashion to CD8+ T cells, dendritic cells are the most 

successful APC for activating naïve T cells (Steinman, 1991). In order to meet APC that 

bears cognate antigen, naïve T cell will recirculate many times a day passing from the blood 

into lymph nodes and then through the lymphatics to the lymph and back through the sub-

clavial vein into the blood. To overcome shear forces of blood before entering the lymph 

nodes, T cells will slow down, tether and role on the surface of high endothelial venules 

(HEVs), a specialized type of post-capillary vascular endothelium present within lymph node 

paracortical region. T cell tethering is mediated through the interaction between T cell 

expressed CD62L (L-selectin) and various proteins expressed on HEV that are collectively 

referred to as peripheral node addressins (PNAd) (Rosen, 2004). While T cells are tethering 

on the walls of HEVs, the G-protein coupled receptor CCR7 expressed on their surface will 

get the opportunity to sample chemokine CCL21 immobilized on the HEV walls, creating the 

signal that leads to activation of lymphocyte function associate antigen (LFA1) (Bao et al., 

2010). Finally, interaction between LFA1 and endothelial cells expressed ICAM1 will allow T 
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cell arrest and transmigration to the paracortical T cell zone of the lymph node. In absence of 

antigen, naïve T cells within LNs randomly walk through T cell areas cruising on the CCL19-

expressing fibroblastic reticular network (Mempel et al., 2006). Upon infection, with arrival of 

pathogens and particular antigens to the subcapsular sinus of LNs, T cells and LN-resident 

DCs will rapidly relocate to the peripheral regions of the T cell zone, i.e. close to the 

subcapsular sinus where DCs can acquire antigens from infected cells. DCs that have 

captured the antigen and matured at the site of infection start expressing CCR7 that allows 

them to enter the subcapsular sinus of the LNs where they can present antigens to the naïve 

T cells (Dieu et al., 1998; Steinman et al., 2000). Successful priming of naïve T cells depends 

on the interaction with mature DCs that express ligands B7.1 (CD80) and B7.2 (CD86) 

therefore allowing binding to T cell expressed co-stimulatory molecule CD28. Signaling 

through the TCR complex will therefore be enhanced and stabilized further leading to 

initiation of IL-2 transcription. Binding of T cell-produced IL-2 to its receptor on T cells 

together with IL-12 signals received from antigen presenting DCs will led to expression of 

CD25, the high affinity α chain of the IL-2 receptor. CD25 expression enhances the affinity of 

the IL-2 receptor by 100-fold making it more sensitive to this cytokine and further stabilizes 

its downstream signaling pathways therefore ensuring massive T cell proliferation and 

differentiation. Badovinac et al. have calculated that naïve T cell can go through as many as 

19 cell divisions within seven days upon pathogen stimulation leading to an approximately 

500,000-fold expansion (Badovinac et al., 2007). Such extremely high proliferation rates are 

supported by drastic changes in T cell metabolism leading to increased uptake of glucose, 

amino acids and iron and a switch from oxidative phosphorylation to aerobic glycolysis that 

allows faster production of new cells (Michalek and Rathmell, 2010). Signaling through CD28 

and further downstream through Akt and mTOR supports T cell proliferation and survival 

(Chen and Flies, 2013). Failure of T cells to receive stimulation through CD28 results in 

suboptimal signal strength generating state of T cell unresponsiveness known as anergy 

(Banchereau and Steinman, 1998). Functional changes arising from clonal expansion and 

differentiation of naïve T cell to CD8+ T cells induce downregulation of CD62L and CCR7 and 
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upregulation of chemokine receptors that will guide activated cells out of lymph nodes to 

inflamed tissues. While in transit to the site of infection, activated CD8+ T cells are found to 

be still in cell cycle. This maintenance of proliferative capacity allows for local regulation of 

effector T cell numbers through interactions with cells displaying cognate antigen (Bedoui 

and Gebhardt, 2011). In situ proliferation of activated T cells has been reported even within 

the immunologically privileged - central nervous system (CNS) (Kang et al., 2011).  

 

3.3.4.2   CD8+ T cell effector mechanisms 

 

During an infection, the main function of CD8+ T cells is the elimination of infected cells. The 

high specificity of TCR recognition of antigenic peptides presented on MHC I molecules of 

infected cell allows for an establishment of firm interactions between effector T cells and 

target cells through the formation of SMACs. Contact areas between effector CD8+ T cell and 

target cells guarantees directional delivery of effector molecule of cytotoxic T cells and 

therefore ensures specific destruction of infected cells, reducing non-specific killing to the 

minimum (McGavern and Truong, 2004). Upon establishment of firm contact with target cells, 

rapid orientation of microtubule-organizing center (MTOC), Golgi apparatus and lytic 

granules prepares CTLs for performing their lytic functions. Lytic granules contain two kinds 

of proteins: perforin monomers and several serin proteases called granzymes. Delivery of 

granules to the extracellular space between two cells occurs in a Ca2+-dependent manner. 

Once released from the granules, perforin molecules polymerize to form pores in the target 

cell membrane. The pores are subsequently used for the entrance of granzymes into the 

target cell where they perform their effector functions. Importantly, the uptake of granzymes 

by target cell can occur in a perforin-independent fashion, e.g. through receptor-mediated 

endocytosis when mannose-6-phosphate receptor binds and internalize granzyme (Pinkoski 

et al., 1998). However, it appears that perforin is necessary for the release of granzyme from 

endosome-like vesicles because in the absence of perforin, internalized granzyme will stay 
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within vesicles and will not lead cellular toxicity or apoptosis. In addition, granzymes can bind 

to the surface of target cells and get internalized due to perforin-mediate membrane damage. 

Which of the pathways will be employed for the delivery of granzymes depends on the 

amount of perforin and granzyme as well as the characteristics of target cell membrane. 

Once within the cell the main function of granzymes is to induce apoptosis. Proteolitic activity 

of granzymes is responsible for cleaving pro-caspase 3 and 8 creating their active apoptotic 

effectors. A caspase-independent apoptotic pathway can be initiated by granzyme which 

relies on its ability to cleave the pro-apoptotic molecule BID creating its active form that than 

translocates to mitochondria and activates BAX and BAK molecules. This finally leads to the 

opening of mitochondrial permeability transition pore and release of cytochrome c that forms 

the complex with Apaf 1 (Apoptotic protease activating factor 1) and pro-caspase 9 leading to 

the activation of terminal effectors of apoptosis. Finally, DNA fragmentation as hallmark of 

apoptosis is mediated by either endonuclease G released from the mitochondria, or 

DFF40/CAD (DNA fragmentation factor 40/caspase-activated deoxynuclease). So far 11 

different granzymes have been found in human and rodent cytolytic cells of which granzymes 

A and B are most abundant and best characterized (Barry and Bleackley, 2002).  

Another cell contact-dependent mechanism of target cell destruction employed by CTLs 

relies on the interaction between receptors belonging to the TNF receptor family such as Fas 

expressed on target cells and its ligand FasL expressed by CTLs (Rouvier et al., 1993). 

Crosslinking of the two molecules leads to activation of FAS receptor cytosolic domain FADD 

(Fas-associated protein with death domain) and activation of FADD associated pro-caspase 

8 into active from responsible for the initiation of apoptosis. 

As both granzyme and Fas-FasL pathways allow direct and immediate elimination of target 

cells, they need to be highly regulated and specific to prevent off-target killing and therefore 

rely on direct contact-based interaction between CTL and target cells. However, a third anti-

viral mechanism employed by CTLs relies on secretion of cytokines IFN-γ and TNFα that 

although confined to the area of the interaction between two cells, can influence cells in 

proximity (Sanderson et al., 2012). Bousso and colleagues demonstrated that the effect of 
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INF-γ could reach cells within the radius of 80 µm of the effector cell producing it (Müller et 

al., 2012). Therefore, by the means of IFN-γ, CTLs can target distant cells and induce 

transcription of antiviral genes, enhance phagocytic activity of macrophages and enhance 

MHC I expression on infected cells increasing their chance to get recognized and destroyed.  

 

3.3.4.3   Helping the killer – CD8+ T cell responses tuned by CD4+ T cells and 

cytokines 

 

CD8+ T cell priming and differentiation can be dependent on CD4+ T cell help (Castellino and 

Germain, 2006). Initial studies suggested that both CD8+ and CD4+ T cells recognize 

corresponding pMHC complexes on the same APC (Bennett et al., 1997). However, DCs can 

be licensed during interaction with CD4+ T cell and become able to fully activate CD8+ T 

cells, even if both cells do not concomitantly interact with the same DC (Smith et al., 2004). 

The model of DC licensing considers that upon capturing the antigen from dying cells, DCs 

will process the antigen and present it in a MHC II-dependent fashion to CD4+ T cells, which 

in turn upregulate CD40L and can engage CD40 on the DC surface. Although, this model 

offers an elegant solution for some experimental findings (Cassell and Forman, 1988; 

Bennett et al., 1997), other data showing that CD8+ T cells can be successfully primed in the 

absence of CD4+ T cells (Buller et al., 1987; Rahemtulla et al., 1991) require an alternative 

explanation. Noteworthy, CD4+-independent CD8+ T cell mainly occurs during infection with 

bacterial and viral pathogens (Bevan, 2004). The explanation for this lack on CD4+ T cell-

dependency is a compensation of inflammatory signals (cytokine, surface molecules) 

induced through the recognition of pathogen associated molecular patterns (PAMPs) ligands 

derived from pathogens by Toll-like receptors (TLR)(Janeway and Medzhitov, 2002). TLR 

activation of DCs promotes maturation, upregulation of costimulatory molecules, migration to 

secondary lymphoid tissues, release of cytokines such as IL-12 and cross-priming of CD8+ T 
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cell responses (Schulz and Reis e Sousa, 2002; Janeway and Medzhitov, 2002). Although 

CD4+ T cell deficiency might not impair early antiviral CD8+ T cell responses, experiments 

from Matloubian and colleagues showed that the lack of CD4+ T cell help impinges on control 

of chronic viral infection and results in functional inactivation of CD8+ T cells (Matloubian et 

al., 1994). Moreover, other studies have implied a role for CD4+ T cell help in the 

maintenance of CD8+ T cell and antibodies responses during chronic viral infections 

(Battegay et al., 1994). Overall, while priming of CD8+ T cells can occur independent of CD4+ 

T cell help under conditions of strong inflammation, CD8+ T cells strongly depend on help 

provided by CD4+ T cells for control of persistent pathogens as well as memory formation. 

 

Maximal expansion and differentiation of CD8+ T cell to full effector CTL often depends on 

the availability of a ‘third signal’ which can be provided by different cytokines including IL-2, 

IL-12, IL-21, and IL-33 (Reis e Sousa, 2006). While IL-2 has an important role in early 

activation of naïve T cells, effector and memory T cell may regain the ability to produce and 

respond to this cytokine, which bears important consequences for fine-tuning of T cell 

responses. Reports have shown that high levels of IL-2 mediated signaling will result in CD8+ 

T cell activation with terminally differentiated, short-lived effector phenotype (Kalia et al., 

2010; Pipkin et al., 2010). In contrast, in the absence or decreased amounts of IL-2-mediated 

signaling, CD8+ T cells exhibit defective effector function and adopt a central memory 

phenotype with high expression of CD62L. Another set of early signals that can modulate 

CD8+ T cell responses comes from type I interferons (IFNα and IFNβ) and IL-12 which can 

signal directly to CD8+ T cell to promote their survival and effector differentiation (Curtsinger 

et al., 2005; Kolumam et al., 2005; Pearce and Shen, 2007). Aside from regulation of the 

early stages of CD8+ T cell responses, cytokines may play a more important role in 

supporting effector functions and survival of CD8+ T cell in the later stages during immune 

response. Recently, the importance of IL-21 and IL-33 for optimal function of effector CD8+ T 

cells during viral infection has been indicated (Bonilla et al., 2012; Fröhlich et al., 2009). In 
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the absence of IL-33, CD8+ T cells exhibited a reduction in effector functions with a failure to 

produce TNFα and IL-2, and severely reduced capacity to produce IFN-γ, degranulate and 

express granzyme B (Bonilla et al., 2012). Moreover, cytokine such as IL-21 can shape CD8+ 

T cell responses by restricting differentiation and promoting longevity of the cells (Fröhlich et 

al., 2009). Nevertheless, effects of IL-21 on the function of virus specific CD8+ T cells during 

acute viral infection was shown to be dependent on type of the pathogen. 

 

3.3.5  Model systems to study T cell biology 

 

The discovery made by Dembic and colleagues (Dembić et al., 1986) that the specificity of a 

T cell is determined by T cell receptor and can be transmitted by transferring α and β TCR 

genes to other cells has opened a new era in T cell research. This groundbreaking discovery 

allowed development of new genetic tools that greatly contributed to understanding of 

fundamental processes in T cell biology and allowed application of this knowledge in clinical 

settings. Combining α β TCR gene transfer with transgenic mouse technology enabled 

generation of TCR transgenic mice. From the first TCR transgenic mouse generated 1988 by 

Uematsu and colleagues (Uematsu et al., 1988) until today, the methodology has greatly 

improved allowing generation of hundreds of TCR transgenic mice. These tools were 

instrumental to reveal the concept of thymic selection (Berg et al., 1989; Kisielow et al., 

1988), understand basic mechanisms of autoimmunity (Goverman et al., 1993; Pöllinger et 

al., 2009; Osman et al., 1998), the biochemistry of TCR-pMHC interaction (Udaka et al., 

1993) and to study T cell responses against various infectious organisms such as Herpes 

simplex virus (Mueller et al., 2003), LCMV (Oxenius et al., 1998a; Brändle et al., 1995), 

MCMV (Torti et al., 2011), Salmonella (Bumann, 2003).  

However, development of novel TCR transgenic mice can often be laborious and time 

consuming. Additionally, crossing of TCR transgenic mice on different genetic backgrounds 
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often requires complicated breading schemes. Combining the power of retrovirally mediated 

stem cell gene transfer with multicistronic 2A – peptide linked retroviral vectors, Dario Vignali 

and his group introduced novel tool for studying T cell biology named retrogenic mice (“retro” 

from retrovirus and “genic” from transgenic)(Bettini et al., 2012). This technology has 

facilitated rapid generation of mice expressing clonotypic TCRs, significantly shortened the 

time needed to express TCRs on different genetic backgrounds and therefore offered rather 

inexpensive option for screening, studying and comparing large numbers of TCRs. Given the 

fact that each retrogenic mouse generated to express the same TCR is independent and 

hence considered a founder, this methodology has offered the possibility to exclude 

integration site bias. In an initial study using this approach, the behavior of seven different 

TCRs expressed either in transgenic or retogenic mouse models was assessed showing that 

the two systems are comparable (Holst et al., 2006). Retrogenic mice were further used in 

studies to compare in vivo performance of large numbers of TCRs (Alli et al., 2008), to 

rapidly generate new sources of monoclonal T cells (Arnold et al., 2004a) or to study the 

diversity of the T cell repertoire during autoimmune (Liu et al., 2009) or antiviral responses 

(Day et al., 2011). Despite the above-mentioned advantage of retrogenic TCR technology, 

the strong reduction in T cell numbers together with the necessity for constant production of 

new chimeric mice require a clear choice of the scientific question to justify utilization of this 

approach. 
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3.4 Immunity in the CNS  - focus on T cell-mediated protection 

 

The central nervous system (CNS) coordinates the interaction of the individual organism with 

the environment and regulates a plethora of processes within the body. Importantly, the 

neuronal network that performs these tasks is composed of post-mitotic cells which possess 

only limited regenerative capacity. Hence, sets of specific immunological guidelines 

guarantees the surveillance of this organ system to facilitate protection against infection 

while preventing overshooting immune responses that could cause collateral damage. The 

balance of these protective mechanisms is achieved by the combination of distinct regulatory 

mechanisms that impinge on all cellular components and particular anatomical features. 

 

3.4.1 Anatomic structure of the brain 

 

The brain and the spinal cord are enclosed within the rigid structures of the skull and the 

vertebrae, while the cerebrospinal fluid (CSF) serves as liquid cushion offering further 

mechanical protection. CSF is produced within brains ventricles by ependymal cells of the 

choroid plexus which is composed of a network of fenestrated capillaries and is covered by 

the monolayer of epithelial cells termed ependymal cells (Dziegielewska et al., 2001). Motion 

of cilia on the ependymal cells allows the CSF to circulate from the ventricles, through the 

brain stem exit ports to cover the outer surface of the spinal cord, brain stem, cerebellum and 

cerebral cortex. Reabsorption of the CSF into venous blood takes place at the arachnoid villi. 

A small portion of CSF can be derived from CNS interstitial fluids that join the CSF and 

contribute to the collection of soluble material. Importantly, in addition to being reabsorbed to 

the blood, CSF also drains along cranial and spinal nerves to local afferent lymphatics, 

thereby carrying soluble antigens to local draining lymph nodes (Walter et al., 2006). One of 

the most important draining routes follows the olfactory nerves, draining through the 
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cribriform plate at the base of the scull towards the nasal mucosa, finally reaching cervical 

lymph nodes (Ichimura et al., 1991). Since only few areas of the CNS possess a drainage 

connection to lymph nodes, CNS antigens accumulate mainly in the CSF. 

 

Figure 4. Structure of the brain meninges and blood vessels. 

a) The meninges comprise a series of three membranes that enclose the CNS parenchymal 

tissues and the cerebro-spinal fluid (CSF). Tough fibrous dura is positioned directly beneath 

the inner surface of the skull. Under the dura there are two inner membranes: the arachnoid 

and the pia, which closely covers the CNS parenchyma. Subarachnoid space is filled by CSF 

and contains dense stoma and arterial vessels that supply the brain. These vessels 

penetrate the CNS parenchyma and are lined by the arachnoid and pia giving rise to 

perivascular spaces. b) CNS perivascular spaces (termed Virchow–Robin spaces) are 

enclosed and delimited by an endothelial basement membrane on the abluminal side of the 

vessel wall and the glia limitans on the parenchymal side of the perivascular space. The 

external surface of the brain is covered by a network of astrocytic processes along with the 

parenchymal basement membrane, collectively designated the glia limitans. 

 

Additional protection of the CNS is provided by three membranes known as the meninges. 

The outer fibrous CNS membrane is positioned directly beneath the scull and is known as 

dura mater. The two inner membranes, arachnoidea and pia matter are separated by the 

subarachnoid space which is filled with CSF and contains a sponge-like network made by 

dense stromal cells that are traversed by arterial vessels. From the area of the subarachnoid 
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space, blood vessels, walled by arachnoidea and pia mater, penetrate the CNS parenchyma. 

The parenchymal continuation of subarachnoid space that forms the perivascular space is 

known as Virchow-Robin spaces. These perivascular structures are delimited by an 

endothelial basement membrane on the abluminal side of the vessel and the glia limitans 

which is made of astrocytic endfeet on the parenchymal side (Ransohoff and Engelhardt, 

2012). Astrocytes that form the glia limitans produce growth factors that enable maturation 

and maintenance of barrier function of CNS blood vessels (Ge et al., 2005). The space 

between endothelial cells and glia limitans, in particular around postcapillary venules creates 

blood vessel sections that exhibit less strict barrier functions. The perivascular space may 

extend even further around mid-sized veins and arteries accommodating leptomeningeal 

mesothelial cells that can take up soluble antigens (Owens et al., 2008). Thus, blood vessels 

in the CNS are highly specialized to very selectively permit access of soluble substances and 

cells to the CNS parenchyma. 

 

3.4.2 Blood brain barrier and immune privilege  

 

Paul Ehrlich had observed that subcutaneous, intravenous or intraarterial injection of dyes 

stains all organs, but no the brain (Erich, 1885). Lewandowski concluded later that the 

capillary wall of the brain can block the access of certain molecules which inspired him to 

coin the term ‘Bluthirnschranke’ - blood-brain barrier (Lewandowski, 1900). A detailed 

examination of the nature of the ‘barrier’ between brain and blood has been performed by 

Reese and Karnovsky who used injection of horseradish peroxidase and high quality electron 

microscopy and found the characteristic overlaps between endothelial cells of brain 

capillaries that contain tight junctions and form ‘continuous belts or zonulae occludentes’ 

(Reese and Karnovsky, 1967). The authors have proposed that the barrier functions on the 

level of subcellular endothelial structures and is not a static physical wall, but rather a 

dynamic system that utilizes ‘metabolic pumps’ to maintain ion gradients between blood and 
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the brain. The special barrier function applies also for antigens that, when exclusively present 

within the CNS, evade immune recognition (Galea, Bechmann, & Perry, 2007). The finding 

that CNS antigens presented in the periphery can initiate strong immune responses indicated 

that the blood-brain barrier excludes not only molecular but also cellular components from 

the brain parenchyma (Murphy and Sturm, 1923; Medawar, 1948). These and other seminal 

findings were amalgamated in the concept of ‘immune privilege’ of the brain (Baker and 

Billinghram, 1977) that implies an ‘anatomic barrier, and/or a layer formed by the end 

processes of neuroglial cell on the capillary walls that restrict leukocyte diapedesis and 

hence restrains the development of inflammatory responses in the brain. Importantly, not all 

blood vessels in the CNS are equally tight. Goldmann described in 1913 already that 

molecules can leave blood vessels and accumulate in cells of the choroid plexus, the 

lepotomeninges and along perivascular spaces, but cannot penetrate into the brain 

parenchyma (Goldmann, 1913). Later studies confirmed that capillaries in the CNS form a 

very tight barrier, whereas larger blood vessels such as postcapillary venules are more 

permissive (Bechmann et al., 2007). Hence, transition of immune cells from the blood occurs 

mainly in this section and a second control step at the glia limitans secures that only 

specifically activated immune cells find their way into the brain paremchyma.  

Understanding of immune privilege of the brain goes beyond concept of barrier function of 

brain blood vessels and implies that immune privilege of the brain is not absolute and is 

confined mainly to the parenchyma (Galea et al., 2007; Bechmann et al., 2007). Hence, 

immune reactions in the choroid plexus, ventricles, meninges and circumventricular organs 

follow the same rules as in other peripheral organs (Owens et al., 2008). Moreover, 

inflammatory reactions mediators can change the “relative” immune privilege of the CNS 

resulting in immune cells infiltration. Taken together, specific regulatory mechanisms that 

operate at the level of the blood-brain interface should permit localized and restricted 

immune reactions in those areas of the CNS which provide the necessary signals for 

facilitating (i) accumulation of leukocytes in the perivascular space of post-capillary venules 
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and (ii) maintenance and further activation of immune cells in the perivascular space to 

permit translocation to the brain parenchyma. 

 

3.4.3 T cell migration to and regulation of their function within the CNS 

 

Under physiological conditions T cells are recruited to the CNS mainly through the choroid 

plexus, entering in a P-selectin dependent manner (Ransohoff et al., 2003). Routine 

surveillance of the brain by T cells is restricted to the subarachnoid and perivascular spaces. 

Inflammation leads to upregulation of adhesion molecules and chemokines by endothelial 

cells fostering tethering and rolling on the walls of endothelium mainly via P-selectin 

glycoprotein ligand-1 (PSGL-1) expressed on the surface of CD8+ T cells, while CD4+ T cells 

use α4-integrin (Engelhardt and Ransohoff, 2005). Depending on the anatomic location of 

the blood vessels, the binding partner of incoming cells vary, i.e. meningeal vessels express 

P-selection constitutively and upregulate E-selection during inflammation, while parenchymal 

blood vessels utilize VCAM-α4-integrin interactions (Engelhardt, 2008). While rolling on the 

endothelial walls, T cell will drastically slow their speed and get the chance to collect further 

signals from the molecules expressed by the endothelium. This step of lymphocyte 

extravasation is dependent on signals coming through G-protein coupled receptors that 

collect the signals from chemokines present on the postcapillary endothelium. Signaling 

through chemokine receptors mediates activation of integrins leading to clustering on the cell 

surface to increase avidity or changes in integrin conformation improving binding to cell-

adhesion molecules (CAMs). For example, studies using blocking antibodies in EAE have 

clearly indicated importance of α4β1–VCAM-1 interaction in T cell extravasation (Yednock et 

al., 1992). Signaling through integrin-CAM pairs leads to firm adhesion, arrest and flattening 

of lymphocytes preparing for the final step of diapedesis. While the molecular mechanisms 

that decide the type of diapedesis are not fully understood yet, it is likely that lymphocytes in 
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the CNS use transcellular instead of paracelular diapedesis and thereby preserve tight 

junctions between endothelial cells (Owens et al., 2008). The perivascular space located 

between basement membrane of the vascular wall and the basement membrane of the glia 

limitans contains leptomeningeal mesothelial cells, macrophages and other antigen 

presenting cells that establish active interaction with incoming T cells. Incoming T cell collect 

signals from these perivascular APCs which determine whether the T cells will be granted 

access to the parenchyma. For example, Tran and colleagues have demonstrated that 

depletion of macrophages did not have the effect on the migration of T cells over the 

endothelial wall of brain blood vessels, but completely blocked the egress of T cells into the 

brain parenchyma causing massive cell accumulation within Virchow-Robin spaces (Tran et 

al., 1998). Furthermore, perivascular phagocytes and APCs can be replaced by blood-

derived myeloid cells which can present antigens to T cells and instruct them to egress into 

the brain parenchyma (Sedgwick et al., 1991). Since the basement membrane of the glia 

limitans contain laminins 111 and 211 and hence differs from the endothelial basement 

membrane (containing laminins 411 and 511) (Sixt et al., 2001), T cells have to use a distinct 

set of matrix metalloproteinase (MMPs) to enter the brain parenchyma. Therefore, broad 

inhibition of MMPs results in substantial accumulation of T cells in the perivascular space 

(Toft-Hansen et al., 2006). Crossing of the glia limitans basement membrane requires activity 

of MMP 2 and 9 which cleave of dystroglycan, i.e. the molecule that anchors astrocyte 

endfeet to the glia limitans basement membrane (Agrawal et al., 2006). Therefore, while 

chemokines and integrins direct T cells across the blood vessel endothelial barrier, MMPs 

are indispensable to allow T cell to cross the second barrier and gain access to the brain 

parenchyma. Nevertheless, the glia limitans is not only a physical barrier - astrocytes actively 

participate in the regulation of T cell egress to and function within parenchyma. For example, 

constitutive expression of CD95L on astrocytic endfeet mediates passage control for T cells 

as highly activated cells expressing CD95 will die by apoptosis (Pender et al., 1991). 

Moreover, chemokines produced by astrocytes actively regulate the composition of 
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perivascular spaces during both homeostasis and inflammation (Farina et al., 2007; 

Ransohoff et al., 2003).  

Once T cells have translocated into the brain parenchyma, their function will be regulated 

and restricted by microglial cells, neurons and astrocytes. While the level of antigen 

presentation in the brain is low, inflammation increases MHC expression allowing T cell to be 

engaged in the interaction with local APCs and infected cells. However, expression of MHC I 

molecules on infected neurons is strictly regulated (Joly and Oldstone, 1992; Joly et al., 

1991) preventing excessive damage of the important neuronal networks. Although, perforin- 

and Fas- mediated neuronal killing has been reported (Shrestha et al., 2006; Shrestha and 

Diamond, 2007), CD8+ T cells are mainly instructed to engage non-cytolytic pathways to 

destroy infected neuronal cells. Recently, Liu and colleagues have demonstrated that during 

EAE, neurons that establish cell-to-cell contact with activated T cells produce transforming 

growth factor (TGF-β) that mediates the conversion of T cells to regulatory T cells 

irrespective of the antigen specificity (Liu et al., 2006). Additionally, astrocytes can function 

as efficient APCs (Constantinescu et al., 2005) and direct T cell behavior in a contact-

dependent manner. By producing soluble factors, astrocytes can further regulate T cell 

proliferation and drive induction of regulatory T cells (Trajkovic et al., 2004).  

Another cell type that is involved in regulation of T cell behavior within the brain are microglial 

cell that serve as important sentinel cells. Microglial cell are excellent APCs and produce a 

wide variety of factors promoting or inhibiting T cell function. For example, expression of B7-

H1 molecules on the surface of microglial cells allows engagement of PD-1 co-inhibitory 

molecule expressed by T cell resulting in inhibition of T cell function (Magnus et al., 2005). 

Additionally, upregulation of indoleamine2,3-dioxygenase by microglial cells results in 

production of immunoregulatory tryptophan metabolites that create an immunosupresive 

environment (Kwidzinski et al., 2005). In sum, all cells involved in the regulation of T cell 

function within the CNS create complex network of interactions that maintains the delicate 

balance between protective response and immunopathology which is critical for optimal CNS 

function.  
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3.5 Neurotropic virus infections  

 

 

Several cytopathic and non-cyhopathic viruses cause severe diseases in humans that are 

associated with typical CNS symptoms such as encephalitis or meningoencephalitis. Viruses 

have acquired strategies to enter the CNS and establish infection invasion via peripheral 

nerves or via directly crossing vascular barriers. Infection of peripheral sensory or motor 

nerves and axonal anterograd transport allows viruses such as Theiler’s murine 

encephalomyelitis virus (TMEV), rabies virus, measles virus, Borna disease virus (BDV), 

poliovirus and alphaherpesviruses (McGavern and Kang, 2011) to reach CNS parenchyma, 

but depends on the cellular receptors present in nerve endings in peripheral tissues. For 

example poliovirus, adenovirus and rabies virus bind to neurons at the neuromuscular 

junction, herpes virus infects sensory nerves, whereas the murine coronavirus can enter the 

CNS via olfactory nerve endings in the nasal mucosa (Lane and Hosking, 2010).  

Other strategies utilized by viruses to enter the CNS include infection of CNS endothelial 

cells or hijacking of immune cells to sneak into the CNS. Viruses that directly infect 

endothelial cells are JC, poliovirus, Epstein-Barr (EBV), West Nile and mouse adeno-virus 

(MAV-1) (McGavern and Kang, 2011). Once within the cells, these viruses cause changes in 

endothelial cell function leading to increased vessel permeability, further promoting viral 

entrance.  

CNS intrusion by hijacking of immune cells is employed by immunodeficiency viruses such 

as HIV which infect peripheral monocytes and macrophages and use these cells as a vehicle 

to get pass CNS barriers (Alexaki and Wigdahl, 2008). As monocytes travel to the CNS as 

part of the normal turnover of the perivascular macrophage populations, the virus will be 

brought into this area where the production of viral proteins induces dysfunction of the barrier 

causing increased permeability and therefore higher rate of virus entry. Once within the CNS, 

neurotropic viruses will establish their infection cycle that depends on viral kinetics, particular 
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properties of viral proteins and the overall immune responsiveness of the host which all 

together result either in viral clearance or persistence. Failure of the immune system to 

rapidly eliminate the virus from the CNS will lead either to viral persistence without severe 

disease or, in case of too strong immune responses to immunopathology.  

 

3.5.1 Coronaviruses - Mouse hepatitis virus (MHV) 

3.5.1.1   Coronaviridae 

 

The family Coronaviridae is represented by viruses that are large, pseudosherical in shape 

and contain long, helical nucleocapsid surrounded by an envelope bearing both virus- and 

host-derived glycoproteins (Lee et al., 2004). The genome of Coronaviridae consists of one 

single-strand, positive-sense RNA molecule that is the largest among the known RNA 

viruses. Due to a feature of their replication cycle, coronaviruses produce a nested set of 

subgenomic RNA (Weiss and Navas-Martin, 2005). Therefore, this family, together with 

arteriviruses, mesoniviruses and roniviruses, has been classified under the order Nidovirales 

(‘nido’ meaning ‘nest’). Within the virion, coronaviruses possess several structural proteins 

including spike glycoprotein (S), transmembrane (M) glycoprotein, nucleocapsid (N), 

envelope (E) and in some members of the family, hemagglutinin-esterase (HE) protein. The 

spike glycoprotein is expressed on the surface of the virion and crucially determines the 

tropism and the virulence of the virus. This protein is formed by three subunits of which S1 

forms a globular head structure and the two S2 subunits form transmembrane stalks. Three 

domains of the spike protein have been shown to influence pathogenicity: (i) the receptor-

binding domain (RBD) comprised of 330 amino acids on the N-terminal end of the protein, (ii) 

the hypervariable region (HVR) within S1 and (iii) the heptad repeated domains (HR1 and 

HR2) within S2. Small changes within either of the three domains can have drastic 

consequences for viral tropism, virulence and therefore pathogenesis in vivo (Bender and 
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Weiss, 2010). The M protein is the most abundant of all structural proteins in the virion and is 

important for virus assembly. The nucleocapsid (N) protein tightly interacts with the viral 

genome as it complexes with viral RNA to form the capsid, but also facilitates replication. The 

envelope (E) protein is integral part of viral membrane and has important role in viral 

assembly. Finally, hemagglutinin-esterase (HE) is a non-essential glycoprotein that forms a 

second, smaller spike on the membrane of some members of the family. It has been 

suggested that HE might function as a second receptor-binding protein, therefore regulating 

virus spread and infectivity (Bender and Weiss, 2010).  

Members of Coronaviridae infect a wide range of species including humans, cows, pigs, 

chickens, dogs, cats, bats, and mice. While Coronavirus infections in cows, chickens, and 

pigs can cause great economic burden for farms and industry, infections in humans vary in 

their severity depending on the virus type and can range from mild respiratory problems 

caused by HCoV-229E and HCoV-OC43 (McIntosh et al., 1967) to severe acute respiratory 

syndrome caused by SARS-CoV (Ksiazek et al., 2003) or Mers-CoV (Raj et al., 2013).  

Infection of host cells relies on the binding of Spike protein subunit S1 to the receptor 

expressed on the targeted cells followed by conformational change between S1 and S2 

subunits. This conformational change triggers fusion of virus and host cell membranes 

leading to uncoating and release of viral RNA into the cytoplasm. Replicase/transcriptase 

complexes are generated upon translation of positive stranded RNA genome and located 

within double membrane vesicles within the cytoplasm. Replication of genomic RNA that 

takes place within the vesicles, gives rise to a negative-strand copy of the genome that 

serves as template for generation of positive-stranded progeny RNAs. Newly generated 

genomic RNA forms complexes with structural and accessory proteins at the levels of ERGIC 

(endoplasmic reticulum Golgi intermediate complex) and assembled viral particles leave the 

cell most likely by using host cell secretory mechanisms (Stanley Perlman and Noah Butler 

2008). 
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3.5.1.1.1 Mouse hepatitis virus (MHV) 

 

The mouse hepatitis virus (MHV) belongs to the beta-coronavirus genera and is known as a 

naturally occurring mouse pathogen, normally infecting cells in liver, gastrointestinal tract and 

CNS. Hence, this viral infection causes variable diseases including hepatitis, gastroenteritis 

and acute and chronic encephalomyelitis (Martin P. Hosking and Thomas E. Lane, 2010). 

Under experimental conditions, the different diseases can be elicited by simple variation of 

the route of infection. Moreover, pathogenesis of MHV is determined by several factors 

including presence or absence of pathogenicity factors, dose and immunocompetence of the 

host. MHV enters host cells upon recognition and binding of spike protein to 

carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1a) that is highly 

expressed by epithelia, endothelial cells and cells of hematopoietic origin (Godfraind et al, 

1995), while in the CNS only epithelial cells and microglia express this protein (Godfraind et 

al, 1997). However, the recognition that highly neurovirulent strains of MHV (MHV.SD) is 

able to cause CNS disease in the absence of CECAM1 (Hemmina et al, 2004) and in vitro 

identification of psg16 (bCEA) (protein related to pregnancy-specific glycoprotein family) as 

optional receptor of MHV A59 but not MHV JHM strain (Chen et al 1995) indicated the 

possibility that other receptors or mechanism might be involved.  

The extent of pathology induced by different MHV strains varies significantly. While 

intracerebral infection with the highly pathogenic MHV.SD (also known as MHV-4) and MHV-

JHM cause fatal acute encephalitis, attenuated MHV-J2.2v-1 variant induces less severe 

encephalomyelitis that results in chronic demyelination (Wiess and Navas-Martin 2005). 

Unlike other variants of MHV-JHM, MHV A59 has the ability to infect different tissues, mainly 

depending on the route of infection. While intranasal or intracranial inoculation with MHV A59 

virus leads to CNS infection, intraperitoneal or intravenous inoculation results in infection of 

hepatocytes and induction of severe hepatitis. CNS infection with MHV-J2.2v-1 and MHV 

A59 leads to acute encephalitis and, if the virus is not cleared efficiently, to viral persistence 
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in this organs ultimately leading to demyelinating disease (Steven P. Templeton and Stanley 

Perlman, 2007). Due to clinical and histological similarities between MHV–induced 

demyelination and human demyelinating diseases such as multiple sclerosis (MS), CNS 

infection with MHV represents a relevant experimental mouse model for dissection of 

mechanisms underlying this inflammatory condition.  

 

3.5.1.1.2 Immune responses to MHV 

 

Following intranasal infection of immunocompetent mice with MHV A59, the virus spreads via 

olfactory nerves to reach the olfactory bulb and spread subsequently within the brain and the 

spinal cord; other organs, except the cervical lymph nodes are not affected (Lane and 

Hosking, 2010). In contrast, systemic application of the virus targets internal organs such as 

liver and spleen, but spares the CNS (Cervantes-Barragan et al., 2007). Irrespective of the 

route of infection, early control of the virus strongly depends on type I interferon system (IFN-

I) as mice deficient in IFN receptor (IFNAR) are highly susceptible to disease and succumb 

early upon infection (Cervantes-Barragan et al., 2009, 2007). While antiviral effects of IFN 

type I are necessary to control initial virus replication, successful clearance of the virus 

strongly depends on adaptive immunity, particularly virus specific CD8+ T cells. Lack of CD8+ 

T cells after either systemic or intranasal MHV A59 infection results in a loss of control of 

viral replication and has fatal consequences. In immunocompetent mice, the strongest 

accumulation of virus-specific CD8+ T cells is observed shortly after the peak virus 

replication. Large numbers of virus-specific CD8+ T cells strongly restrict viral spread and 

reduce viral titers hence ameliorating virus-induced pathology (Eriksson et al., 2008). 

Likewise, in case of intranasal infection, CD8+ T cells contribute to clearance of infection 

virus (Bergmann et al., 1999, 2003). However viral RNA and viral antigens can persist in 

oligodendrocytes leading to chronic immune activation ultimately resulting in immune-

mediated demyelination (Bergmann et al., 2006). Effector mechanisms of CD8+ T cell-
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mediated viral clearance within the CNS depends on the infected cell type, i.e. 

oligodendroglia respond to IFN-γ (Parra et al., 1999; González et al., 2006), while perforin-

mediated cytolysis eliminates MHV from astrocyte and microglia (Lin et al., 1997). 

Importantly, in addition to astrocytes, microglia and oligodendrocytes, MHV A59 can 

establish infection in neurons (Bender and Weiss, 2010). However, the mechanisms 

responsible for control of MHV within these cells are poorly understood.  

While CD8+ T cell responses to a certain extent independent of CD4+ T cell during systemic 

infection, CD8+ T cell cytotoxicity and survival within the CNS heavily depends on the 

presents of CD4+ T cells (Zhou et al., 2005; Stohlman et al., 1998). Furthermore, CD4+ T 

cells help to B cell is necessary to allow for neuroprotective IgM and IgG responses (Gil-Cruz 

et al., 2012). Indeed, neutralizing antibodies represent an additional important line of defense 

during CNS restricted MHV infection as they prevent the reactivation of the virus in 

oligodendrocytes and microglia during the chronic phase (Ramakrishna et al., 2002). 

However, clearance of the virus from MHV A59 infected liver seems to be B cell independent 

process (Matthews et al., 2001). Taken together, MHV infection represents a well-

established experimental system to probe the immune system with a pathogen that leads to 

distinct pathologies which closely resemble human disease. 
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4 Aims of the study 

 

 

Defense against viral infections critically depends on CD8+ T cells. Optimal strength of CD8+ 

T cell responses is essential for successful viral clearance. While overshooting CD8+ T cell 

responses can be detrimental, particularly in fragile tissues such as the CNS, weak 

responses fail to control viral replication and lead to viral persistence or death of the host. 

Therefore, understanding the fine balance of signals that regulate optimal CD8+ T cell 

recruitment and performance is of critical importance for development of T cell-based 

therapies. The major aim of the thesis was to determine the role of low avidity CD8+ T cells 

during CNS infection and explore their potential to prevent viral induced pathology in 

adoptive therapy settings. 

 

The first specific aim of the thesis was to clone and characterize a MHC I restricted TCR 

specific for the spike protein of MHV and to generate transgenic mice that would allow 

detailed investigation of CD8+ T cell responses against the virus. 

 

The second aim was to determine whether and to which extent constitutive chemokines 

contribute to the control of antiviral CD8+ T cell recruitment and function within MHV-infected 

CNS. 

 

The third aim was to determine the consequences of variation in TCR signal strength through 

tuning TCR density on the surface of antiviral CD8+ T cells. 
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5.1 Abstract 

 

T cell receptor transgenic mice are frequently used tools that facilitate assessment of T cell 

development and function. Important insight into the nature of T cell responses against 

pathogens has been gained by tracking monoclonal T cell populations with specificity for 

immunodominant epitopes. Here, we have analyzed a novel TCR with specificity for the H2-

Kb-binding s598 epitope of the mouse hepatitis virus (MHV). Using hybridoma technology, 

we have generated stable CD8+ monoclonal T cell populations expressing the MHV-specific 

TCR facilitating molecular characterization of the rearranged TCR α and β chains. 

Microinjection of two separate cassette vectors containing the cloned TCR α and β chains 

into fertilized oocytes of C57BL/5 (B6) mice gave rise to three founder lines. Based on the 

pattern and stability of transgene expression, founder line #22, named Spiky (TCR-S) has 

been selected for further characterization. Spiky mice were crossed with B6 mice expressing 

either the congenic marker CD90.1 (Thy1.1) or CD45.1 (Ly5.1) to allow tracking of the 

transgenic cells following adoptive transfer. Thorough in vitro and in vivo characterization of 

Spiky TCR transgenic CD8+ T cells revealed that this novel tool is well suited to dissect T cell 

responses directed against a cytopathic coronavirus. 
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5.2 Introduction 

 

The T cell receptor (TCR) critically impinges on the development and differentiation of 

individual T cells. Since the quality of signals received through the TCR determines the 

destiny of a T cell, pathogen-specific immune responses can be best studied when instead of 

surrogates such as ovalbumin, true pathogen-derived epitopes are investigated. Such TCR 

transgenic T cells can be used in adoptive transfer systems to overcome the limitation of the 

generally very low frequency of single epitope-specific T cell populations in the naïve state 

(Butz and Bevan, 1998; Stetson et al., 2002; Blattman et al., 2002). The major prerequisite 

for the generation of monoclonal T cells is the identification and characterization of a TCR 

with specificity for the epitope of interest. Technologies that facilitate rapid identification of 

TCR genes include somatic cell nuclear transfer (Kirak et al., 2010), TCR-gene capture 

(Linnemann et al., 2013) and MHC multimer-based single cell TCR identification (Dössinger 

et al., 2013). In addition, isolation of epitope-specific T cells can be achieved by generating T 

cell clones or T cell hybridomas followed by molecular characterization of rearranged TCR 

genes. This sequence information can be used to introduce DNA sequences into optimized 

cassette vectors (Kouskoff et al., 1995). Following microinjection of plasmid vectors 

containing information of TCR α or β chains into fertilized oocyte, TCR transgenic mice can 

be obtained. TCR transgenic mice with specificity for MHC I or II-restricted epitopes have 

been generated using the latter methodology (Lafaille, 2004). These tools have greatly 

contributed to our understanding of T cell development and selection (Kisielow et al., 1988; 

Sha et al., 1988), TCR structure and biochemistry (Udaka et al., 1993), autoimmunity 

(Goverman et al., 1993; Pöllinger et al., 2009; Osman et al., 1998) and infection biology 

(Oxenius et al., 1998; Torti et al., 2011; Mueller et al., 2003). 

Here, we have employed the hybridoma technology to obtain a stable T cell population 

expressing a MHC I-restricted TCR specific for the MHV spike protein. Following sequence 

characterization and molecular cloning into the cassette vector described by Kouskoff et al. 
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(Kouskoff et al., 1995) , TCR transgenic mice expressing the MHV s598-specific TCR on 

>98% of their CD8+ T cells have been generated. Due to the specificity for the spike protein, 

the novel transgenic mouse line has been named Spiky.  

 

5.3 Materials and Methods 

 

Mice and ethical statement 

C57BL/6 (B6) mice were purchased from Charles River Laboratories (Sulzfeld, Germany). 

Experiments were performed in accordance with federal and cantonal guidelines under 

permission number SG 11/03 following review and approval by the Cantonal Veterinary 

Office (St. Gallen, Switzerland). 

 

Generation of s598-605-specific T cell hybridomas 

Six weeks old C57BL/6 (B6) mice were infected intraperitoneally (i.p) with 5x104 pfu of the 

molecularly defined MHV A59 strain (Coley et al., 2005). On day 8 post infection, mice were 

sacrificed and immediately perfused with PBS. Single-cell suspensions from spleen were 

prepared by mechanical disruption of the organ. Lymphocytes from liver were isolated using 

mechanical disruption of the organ followed by enrichment based on 70–30% Percoll 

gradient (GE Healthcare) centrifugation for 25 min at 800xg. Lymphocytes obtained from 

spleen and liver were used for fusion with BW5147 lymphoma cell line (Hill et al., 1976) 

(kindly provided by Prof. Dr. Annette Oxenius). Prior to fusion, BW5147 lymphoma cells were 

cultured in DMEM (Gibco) supplemented with 10% FCS (Lonza), 100 U penicillin-

streptomycin (Lonza), 0.02 mM β-mercapthoethanol (Gibco), 1xMEM non-essential amino 

acids (NEAA; Gibco) and 1 mM sodium pyruvat (Gibco). Fusion of lymphocytes and BW5147 

lymphoma cells was performed using polyethylene glycol 1500 (PEG 1500; Roche) at a ratio 

of 1:5 (2x107 BW 5147 cells: 108 lymphocytes) following the manufacturer´s instructions. 
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Fused cells were seeded in 96-well flat-bottom plates in DMEM 20% (DMEM (Gibco) 

supplemented with 20% FCS (Lonza), 100 U penicillin-streptomycin (Lonza), 0.02 mM β-

mercapthoethanol (Gibco), 1xMEM non-essential amino acids (NEAA; Gibco) and 1mM 

sodium pyruvat (Gibco) and cultured at 37°C. Twelve to twenty four hours later, the selection 

medium containing 2xHAT (hypoxanthine-aminopterin-thymidine; Gibco)/DMEM 20% was 

added and cells were incubated for one week at 37°C. Proliferating hybridoma cell 

populations were selected, expanded and subjected to flow cytometric analysis. To generate 

monoclonal populations, positive clones were subcloned using single cell dilutions.  

 

Flow cytometric analysis of hybridoma clones  

Screening of hybridoma clones was performed using surface staining with the following 

antibodies: anti-CD3-PE, anti-Vβ7-PE, anti-Vβ8-PE, anti-Vβ11-PE, anti-Vα3−FITC,  anti-

Vα11-FITC, anti-Vβ3−FITC,  anti-Vβ5−FITC (eBioscience), anti-CD4-FITC, anti-CD8-APC, 

anti-Vβ7-PE, anti-Vβ9-PE (BioLegend). Specificity of hybridoma cells was confirmed using 

PE-conjugated MHV S598/H-2Kb tetramers (Sanquin, Amsterdam, The Netherlands). 

Peptide-specific cytokine production of hybridoma clones was assessed using intracellular 

cytokine staining. To this end, 106 of hybridoma cells were incubated with 105 bone marrow-

derived DCs loaded with 10-5 M s598-605 peptide ((RCQIFANI), Neosystem (Strasbourg, 

France)) in the presence of brefeldin A (5 µg/ml) for 5 h at 37°C. Cells were stimulated with 

PMA (50 ng/ml) and ionomycin (500 ng/ml; both purchased from Sigma-Aldrich) as positive 

control or left untreated as negative control. For intracellular staining, restimulated cells were 

surface stained and fixed with Cytofix-Cytoperm (BD Biosciences) for 20 min. Fixed cells 

were incubated at 4°C for 40 min with permeabilization buffer (2% FCS/0.5% saponin/PBS) 

containing anti–IFN-γ–PE (Pharmingen). Samples were analyzed by flow cytometry using 

FACSCalibur flow cytometer (BD Biosciences); data were analyzed using FlowJo software 

(Tree Star).  
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RNA isolation and cDNA synthesis, DNA isolation, sequencing 

RNA isolation was performed using TRIzol reagent (Invitrogen) following the manufacturer`s 

instructions. In brief, cells were disrupted in TRIzol, RNA was extracted with chloroform and 

precipitated with isopropanol. The RNA pellet was washed with 75% ethanol and dissolved in 

RNAse-free water (Braun). cDNA synthesis was performed using Super Script II Reverse 

Transcriptase (Invitrogen) and oligo (dT) primers (purchased from Microsynth) and a 

standard amplification protocol (25°C 10 min, 37°C 2 h, 85°C 20 s). 

For DNA isolation, hybridoma cells were disrupted using Proteinase K (AppliChem). DNA 

was extracted using a combination of phenol-chloroform-isoamyl alcohol and chloroform. 

DNA was precipitated using 100% ethanol and the pellet was washed using 70% ethanol. 

Finally, DNA was dissolved in RNAse-free water (Braun). 

Sequencing reactions were performed on purified PCR samples (QIAquick PCR purification 

kit (Qiagen)) using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) 

following the manufacturer`s protocol. Products were purified using SigmaSpin Sequencing 

Reaction Clean-up columns (Sigma), Hi-Di Formamide denatured (Applied Biosystems) and 

read with a 4 capillary Genetic Analyzer 3110 (Applied Biosystem). Sequences were 

analyzed using Geneious software (Biomatters, New Zealand). 

 

Identification of TCRVα and TCRVβ variable region genes and generation of TCR 

transgenic mouse lines 

Identification of α and β chain variable elements was performed using PCR reactions with 

primer sets described previously (Baker et al.). Positive PCR reactions were sequenced as 

described and aligned to the mouse genome using databases IMGT (http://www.imgt.org/) 

and Ensemble (http://www.ensembl.org/Mus_musculus). The full sequence of identified gene 

segments Vα2Jα7 and Vβ16Jβ2-1 was further analyzed on the DNA level to include 

upstream leader sequences and the intron region. For this purpose additional primer pairs 
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were designed and generated by Microsynth (Balgach, Switzerland), covering the upstream 

region of Vα chain leader sequence (fwd (5’-GAGCAGGAAGTGCTTCCTATGTCAG-3’);  

rev ( 5’-GGGTTCCCTTCCCCAAAGTAAGTC-3’),  

leader sequence upstream of Vβ chain (fwd (5’-GAGTCTGCAAAGCAGCAGCTTTGACTTGAG-

3’) 

 rev (5’-CACAGAAGTACACAGCTGAGTCCTCC-3’))  

and downstream sequence of Vα chain constant region  

(fwd (5’-GACTCTCAGCCTGGAGACTCAGCTACC-3’) 

rev 5’-GGTCCCTTCCAGCACTTATTTCTGTGATCC-3’)  

and downstream sequence of β chain constant region (fwd (5’-

GGCAGATGGTGACCCTCAATTGTGACCCAG-3’), rev (5’-CCCAGCACTGTCAGCTTTGAGCCTTC-

3’) 

The full sequence of the Vα chain reads as follows: 

CAAGCTTCAGTCTAGGAGGAATGGACAAGATCCTGACAGCATCGTTTTTACTCCTAGGCCTTCACCTAGCTG

GTGAGTCATGAAGGAGAAACCTGAGAATGTGGGATTAATGTGGAGGCATGAGAGACTTGGGGCACCAGGCA

AGTCATGATATCTAAGCAGGAAGTATATTCCTGGGAACCTAACAACAGTTGCTATTTCTCTACACAGGGGTGA

GTGGCCAGCAGCAGGAGAAACGTGACCAGCAGCAGGTGAGACAAAGTCCCCAATCTCTGACAGTCTGGGAA

GGAGAGACAGCAATTCTGAACTGCAGTTATGAGGACAGCACTTTTGACTACTTCCCATGGTACTGGCAGTTC

CCTAGGGAAAGCCCTGCACTCCTGATAGCCATACGTCCAGTGTCCAATAAAAAGGAAGATGGACGATTCACA

ATCTTCTTCAATAAAAGGGAGAAAAAGCTCTCCTTGCACATCACAGACTCTCAGCCTGGAGACTCAGCTACCT

ACTTCTGTGCAGCAAGTCCGGACTACAGCAACAACAGACTTACTTTGGGGAAGGGAACCCAGGTGGTGGTG

TTACCAAGTAAGTGAGCTATGTCCTCTGCCACAAGTG. 

The full sequence of the Vβ chain reads as follows:  

ATTCCTGCCGTGACCCTACTATGGATATCTGGCTTCTAGGTTGGATAATTTTTAGTTTCTTGGAAGCAGGTGA

GTTCTTAGAAATTCTAGAGTTTTCATTTCATATTGAGACAATTTTAAAGTATTCCATTAATCTTTTTTCTCTTTCT

ACAGGACACACAGGACCCAAAGTCTTACAGATCCCAAGTCATCAAATAATAGATATGGGGCAGATGGTGACC

CTCAATTGTGACCCAGTTTCTAATCACCTATATTTTTATTGGTATAAACAGATTTTAGGACAGCAGATGGAGTT

TCTGGTTAATTTCTACAATGGTAAAGTCATGGAGAAGTCTAAACTGTTTAAGGATCAGTTTTCAGTTGAAAGAC

CAGATGGTTCATATTTCACTCTGAAAATCCAACCCACAGCACTGGAGGACTCAGCTGTGTACTTCTGTGCCA
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GCAGCTTCCTGGGGGGTCATGCTGAGCAGTTCTTCGGACCAGGGACACGACTCACCGTCCTAGGTAAGAAG

GCAGAGGCCATACAGGTGGGAG) 

Plasmids containing sequences of the specific TCR Vα and Vβ chains were synthetized by 

GenScript USA containing Xma I (α chain) or Xho I (β chain) restriction sites on the 5’ end 

and Not I (α chain) and Sac II (β chain) restriction sites on the 3’ end. The inserts were 

provided in pUC57 vectors which were digested and linearized sequences were cloned into 

TCR expression vectors (Kouskoff et al., 1995). Resulting vectors pTS alfa Vα2Jα7 and pTS 

beta Vβ16Jβ2-1 were digested using SalI and KpnI to remove prokaryotic vector DNA and to 

obtain linearized plasmid DNA. The transgene DNA fragments were co-injected in equimolar 

ratios into fertilized C57BL/6N oocytes according to the standard method in the Institute of 

Laboratory Animal Science in Vienna. Based on standardized genetic nomenclature for mice, 

the resulting TCR transgenic founder lines expressing functional αβ TCRs were designated: 

C57BL/6N Tg (Tcra, Tcrb) 556biat, C57BL/6N Tg (Tcra, Tcrb) 577biat (Spiky) and C57BL/6N 

Tg (Tcra, Tcrb) 578biat.  

 

Generation of BM-derived DCs 

Bone marrow was flushed from femurs and tibias of C57BL/6 mice and erythrocytes were 

lysed by osmotic shock with 1 ml lysis buffer (0.15 M NH3Cl, 1 mM KHCO3, 0.1 mM EDTA) 

for 1 min at room temperature. Cells were washed twice with BSS and cultured in 5% RPMI 

1640 (Sigma) supplemented with 5% FCS (Lonza), 100 U penicillin-streptomycin (Lonza) 

and 5% GM-CSF (supernatant of X63 GM-CSF cells). Medium was replenished on days 2 

and 4 of culturing. Non-adherent cells were harvested on day 6. 

 

In vitro CFSE proliferation assay 

Single-cell suspensions obtained from spleen were subjected to erythrocyte lysis and labeled 

using 10 µl 5 mM carboxyfluorescein succinimidyl ester (CFSE, Molecular Probes, Leiden, 
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Netherlands) according to the manufacturer`s protocol. 105 splenocytes and 2x104 bone 

marrow-derived DCs were seeded in a 96-well round-bottom plate and s598 peptide was 

added at indicated concentrations. After 72 h of incubation at 37°C, cells were analyzed by 

flow cytometry. 

 

Phenotyping of TCR transgenic lines 

Single-cell suspensions from spleens were obtained as described above. Blood samples 

were collected in 3 ml of FACS buffer to prevent coagulation and subsequently treated with 

BD FACS Lysing Solution (BD Bioscience). Characterization of the cells was performed 

using surface staining with antibodies against CD4-FITC, CD8-APC (BioLegend), CD3-PE 

(eBioscience) and PE-conjugated MHV S598/H-2Kb tetramers (Sanquin, Amsterdam, The 

Netherlands). For PCR phenotyping, ear punch biopsies were digested with Viagen 

DirectPCR Lysis Reagent (Peqlab) supplemented with 0.2 mg/ml Proteinase K (AppliChem) 

following the manufacturer`s instructions. PCR reactions were performed using primer pairs 

generated by Microsynth (Balgach, Switzerland):  

fwd 5`-(CCTTGCAGCTCTCAGAAGTGCAGTTG)-3` 

rev 5`-(GGGTTCCCTTCCCCAAAGTAAGTC)-3` for Va chain and 

fwd 5`-(GGCTGAGACTAGGTCCAGTACTACAGAG)-3` 

rev 5`-(CACAGAAGTACACAGCTGAGTCCTCC)-3’ for Vβ chain 

at conditions: 95°C 10min; 39 cycles - 95°C 45 sec, 56°C 45 sec, 72°C 60 sec; 72°C 10 min.  
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5.4 Results 

 

5.4.1  Characterization of a MHV A59 spike protein (598-605) specific TCR 

 

We have utilized the hybridoma technology to isolate and characterize a H-2Kb-restricted 

TCR recognizing the MHV A59 spike protein-derived epitope s598-605. T cells isolated from 

livers and spleens of MHV infected mice were fused with TCR-/CD4-/CD8- BW5147 cell line 

to generate stable hybridoma clones. Proliferating hybridoma clones were initially screened 

for CD3/CD4/CD8 expression and antigen specificity. Two polyclonal hybridoma populations 

showed antigen specificity by responding to s598 peptide stimulation in vitro as detected by 

IFN-γ production in intracellular cytokine staining and by binding to H2-Kd/s598 tetramers 

(result not shown). Polyclonal population 1C3 (Fig. 5a) was selected for further analyses and 

was subcloned to obtain monoclonal cells. Investigation of antigen specificity of monoclonal 

hybridoma populations revealed specific IFN-γ-production following stimulation with s598 

peptide-loaded DCs (Fig. 5b) and specific H2-Kd/s598 tetramer binding (Fig. 5c). The TCR 

complex was stably expressed on the surface of the monoclonal population, as shown by 

CD3 expression (Fig. 5d). FACS screening of the monoclonal clones revealed that the TCR 

α chain utilizes the variable segment 2, and is therefore designated Vα2 (according to Wilson 

et al.,1988)  (Fig. 5e).  
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Figure 5. Generation of MHV s598-specific hybridoma cells. 

Antigen specificity of polyclonal hybridoma population a) 1C3 b) and monoclonal hybridoma 

clone 2D7 was confirmed by the ability to produce IFN-γ upon incubation with s598 peptide-

loaded DCs. Flow cytometric analysis of monoclonal hybridoma populations revealed c) 

binding to H2-Kd/s598 tetramer, d) stable expression of TCR on the surface determined by 

CD3 expression and e) usage of variable segment 2 by the α chain of the TCR. Data are 

representative of two independent experiments. 

 

Full characterization of the TCR on the molecular level was performed using sets of PCR 

primers amplifying the majority of genomic Vα and Vβ genes of the rearranged TCR (Baker 

et al., 2002). Pooling the primers in groups of 5 simplified screening for the TCR α chain 

(positive PCR signal detected in group composed of Vα1 – Vα5, Fig. 6a) and the TCR β 

variable region (positive PCR signal detected in group composed of Vβ12 - Vβ16, Fig. 6b). 

Separation of the primers from the pools confirmed Vα2 positivity (Fig. 6c) that had been 

found by flow cytometry (Fig. 5e). Moreover, we found Vβ16 (according to Wilson et al.,1988) 

as a variable segment of the TCR β chain (Fig. 6d). Due to the lack of an antibody against 

Vβ16, FACS confirmation of β chain variable segment used by MHV A59-specific TCR is not 

possible at this moment. Therefore, further characterization and description of surface 

expression of the TCR has to be addressed using combination of H2-Kd/s598 tetramer and 

Vα2-specific antibody.  
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The databases IMGT (Bosc and Lefranc, 2000) and Ensembl (Flicek et al., 2014) were used 

for alignment of sequencing data obtained from PCR products which confirmed the usage of 

the identified V segments. Identification of the highly variable regions (CDR3), one intron 

element downstream of the leader region as well as controlling elements on 5’ end of leader 

and 3’ end of J regions allowed the characterization of the entire α (Vα2Jα7) and β 

(Vβ16Jβ2-1) chains necessary for cloning of the full MHV A59-specific TCR (Fig. 6e).  

 

 

Figure 6. Characterization of the s598-specific TCR. 

RT-PCR analysis of the variable genes used by a) α and b) β chains (pooled primer sets). 

Separating positive primer pool allowed c) confirmation of the variable segment 2 used by 

TCR α chain and d) the identification of segment 16 used by β chain in all 5 subclones. e) 

Schematic illustration of the DNA sequence of the s598-specific TCR. The sequence of the 

CDR3 region with the highest influence on the TCR specificity is displayed in details.  

 

5.4.2  Generation of MHV spike protein- specific transgenic mice 

 

In order to create transferable and traceable T cells allowing characterization of antiviral T 

cell responses, we made use of the system previously described by Kouskoff et al. (Kouskoff 

et al., 1995). The full sequence of the MHV spike protein-specific TCR was cloned into 

cassette vectors and linearized plasmids were microinjected into the male pronucleus of 

freshly fertilized oocytes. This procedure gave rise to 24 potential founder lines. Initial 
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screening was performed on the DNA level using PCR that identified three potential founder 

mice (founder #9, #23 and #22) (Fig. 7a). Surface expression of a functional s598-specific 

TCR from the integrated constructs was evaluated by FACS analysis of blood samples. 

Staining for the transgenic Vα2 chain revealed expression of the transgenic TCR on 99.6 % 

of CD8+ T cells in founder line #22 and 85.8% of CD8+ T cell in founder line #23 (Fig. 7b). 

Initially, no transgenic TCR expression has been detected on CD8+ T cells from the founder 

line #9 (data not shown). These data showed that the sequences identified in our screening 

encode for a productively rearranged TCR that can be expressed in vivo. 

 

Figure 7. Analysis of s598-specific transgenic founder mice.  

a) PCR analysis using primers binding to the construct and within the variable regions of the 

TCR. Founder #9, #22 and #23 were positive for the α and β constructs. Original cassette 

vectors were used as positive control. b) The expression of integrated constructs was 

assessed from the blood of founder mice using flow cytometric analysis for transgenic Vα2 

chain expression on CD8+ T cells. Values in the upper right quadrant indicate the percentage 

of Vα2+ of CD8+ T cells. 
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5.4.3 Comparison of transgenic TCR expression in the different founder lines 

 

Further analysis of the founder lines indicated differences in the pattern of transgenic TCR 

expression among three different lines. Interestingly, F1 offsprings of the initially negative 

founder line #9 exhibited expression of transgenic Vα2 on 92.4±8.4% CD8+ T cells and high 

Kd/s598 tetramer binding (91.6±7.8%) (Fig. 8a). Expression of the transgenic Vα2 chain was 

detected on 74.8±5.9% of CD8+ T cells from offsprings of founder line #23, which also bound 

the Kd/s598 tetramer (Fig. 8b). Highest and most stable transgene expression was 

detectable in line #22 exhibiting 99.1±0.7% Vα2-positive CD8+ T cells and 97±0.4% Kd/s598 

tetramer binding (Fig. 8c). Assessment of peripheral T cell frequencies revealed a 

pronounced reduction in CD4+ T cell compartment in all three founder lines as compared to 

the control mice (Fig. 8a,b,c,d). Since a major aim of this project has been the generation of 

potential donors of TCR transgenic splenocytes, we determined which of the lines provided 

highest yield of virus-specific, TCR transgenic splenocytes (Fig. 8e,f,g). Comparable to the 

results obtained from blood, the highest frequency of transgene positive and Kd/s598 

tetramer-binding CD8+ T cells (97.2±0.7%, 97.2±0.9%, respectively) could be found in line 

#22 (Fig. 8g). Therefore, line #22 has been chosen to be utilized for further analysis and has 

been designated Spiky (TCR-S).  
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Figure 8. Comparison of transgenic TCR expression in three different founder lines. 

Analysis of the transgene expression in the offspring of three different founder lines was 

performed on T cells derived from (I) blood (II) and spleen. The values indicate the mean 

percentage±SD of the frequencies of H2-Kd/s598 tetramer-binding CD8+ T cells, Vα2+ of 

CD8+ T cells and CD3+CD4+, CD3+ CD8+ lymphocytes. The plots are representative of 2 

independent experiments, n=4 mice. 

 

5.4.4 Functional assessment of TCR transgenic CD8+ T cells 

 

Antigen responsiveness and proliferation capacity of TCR transgenic CD8+ T cells was 

assessed by dilution of the dye CFSE as described previously (Quah et al., 2007). To this 

end, splenocytes from Spiky transgenic mice were labeled with CFSE and co-incubated with 

s598 peptide-loaded DCs (10-4M - 10-7M). Substantial CFSE dilution was detected after 72 h 

of peptide stimulation (Fig. 9a) and indicated high responsiveness of the TCR transgenic T 

cells. Functional avidity of a particular T cell population can be determined from the dose-
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response behavior following exposure to the cognate peptide (Hesse et al., 2001; Nauerth et 

al., 2013). These revealed that TCR Spiky cells require peptide concentrations of around 10-6 

M to start proliferation. Using CFSE dilution at 72 h after stimulation, we found that Spiky T 

cells exhibit rather low functional avidity demonstrated by high peptide concentration (3x107 

M) needed to achieve half-maximal level of the proliferative response (EC50) (Fig. 9b). 

Further analysis of Spiky mice spleen and lymph node cellular composition revealed, beside 

a reduction in CD4+ T cell numbers, no major differences in frequencies and absolute 

numbers of B cells, NK cells, macrophages, neutrophils or DCs (data not shown). Taken 

together, we have generated a new TCR transgenic mouse model that possesses CD8+ T 

cells of rather modest functional avidity for the MHV A59 spike protein-derived 

immunodominant epitope s598-605. 

 

Figure 9. In vitro functionality of Spiky transgenic splenocytes. 

Functionality of the Spiky transgenic splenocytes assessed by in vitro proliferation assay. 

a) Proliferative response assessed by CFSE dilution at 72 h of stimulation (black lines- 

peptide stimulated cells, gray shaded lines - untreated cells).  

b) Percent of proliferated cells upon stimulation with indicated amounts of s598 peptide as 

determined by CFSE dilution after 72 h. The percentage of proliferated CD8+ T cells was 

normalized to the maximum, and peptide concentration for half-maximal proliferative 

response (EC50) was calculated after fitting a nonlinear regression curve. 
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5.5 Discussion 

 

The nature of an invading pathogen impinges on the pattern of T cell activation. Hence, the 

analysis of pathogen-specific T cell responses depends on the availability of analytical tools 

and routines to reveal basic mechanisms of infectious disease pathogenesis and to assess 

efficacy of potential vaccination approaches against infectious diseases. Since the numbers 

of epitope-specific T cells in the naïve state (Blattman et al., 2002; Butz and Bevan, 1998; 

Whitmire et al., 2006) and frequently in the memory phase of an infection (Blattman et al., 

2002) are rather low, systems that permit T cell analysis at higher resolution are required. To 

circumvent time-consuming characterization of pathogen-specific TCRs and generation of 

TCR transgenic mice, surrogate antigens, such as ovalbumin, recognized by OT-I or OT-II 

TCR transgenic T cells are widely used (Gerlach et al., 2010; King et al., 2012; Prlic, 

Hernandez-Hoyos, & Bevan, 2006; Sun, Williams, & Bevan, 2004; Zehn, Lee, & Bevan, 

2009). Several pathogens have been genetically modified to express ovalbumin (Carreño et 

al., 2007; Pope et al., 2001) and to facilitate the analysis of “pathogen-specific” OT-I and OT-

II TCR-transgenic T cells. We prefer the view that such reduced systems do not represent 

the natural host-pathogen relationship and that important features of T cell responses 

directed, for example, against a virus may be overlooked. Hence, we have developed a novel 

genetic tool to allow more comprehensive studies of T cell responses against a natural 

mouse pathogen.  

The use of TCR transgenic mice specific for LCMV (Brändle et al., 1995; Oxenius et al., 

1998), MCMV (Torti et al., 2011), Hepatitis B virus (Guidotti et al., 1995) or herpes simplex 

virus (HSV-1) (Mueller et al., 2003) greatly contributed to our knowledge of antiviral 

immunity. Application of these virus-specific TCR transgenic cells allowed insight into general 

mechanisms of antiviral T cell responses such as memory formation (Mueller et al., 2010; 

Araki et al., 2009; Kaech et al., 2002), T cell exhaustion (Zinselmeyer et al., 2013; Wherry et 
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al., 2007), effector mechanisms (Schenkel et al., 2013; Roth and Pircher, 2004) and others. 

More specifically, analysis of virus-specific T cell responses using TCR transgenic T cells 

reveal the mechanisms utilized by particular viruses or group of viruses contributing to the 

pool of knowledge necessary to design successful vaccination and adoptive T cell therapy 

strategies. Therefore, generation of TCR transgenic mice specific for the cytopathic virus 

capable of establishing the infection in both liver and CNS offers a great tool to dissect the 

mechanism regulating T cell behavior within these specific anatomic sites. Moreover, as 

MHV A59 represents the model of cytopathic viral infection that shares molecular 

characteristics with other coronaviruses capable of infecting humans (SARS-CoV, Mers-

CoV), investigation of MHV-specific T cell responses would contribute to a better 

understanding of mechanisms responsible for the defense against relevant human 

pathogens.  

Initial characterization of the functionality of Spiky transgenic T cells revealed the need for 

high peptide concentration to elicit proliferative response indicative for low avidity of the 

MHV-specific transgenic cells. While antiviral CD8+ T cell are thought to be of rather high 

avidity revealing functional responses after stimulation with only 10-9 M of the relevant 

peptide (Oxenius et al., 1998; Mueller et al., 2002), recent findings indicate important 

contribution of low avidity CD8+ T cells during ongoing immune responses (Rosenberg, 2008; 

Boon et al., 2006; Zehn and Bevan, 2006). However, the lack of tools in the past precluded a 

thorough analysis of the role of low avidity CD8+ T cells in immune responses. We believe 

that newly generated TCR transgenic Spiky mouse will help close this analytical gap and 

shed light on the role of low avidity T cells during antiviral immune responses.  

In conclusion, we have successfully generated a novel TCR transgenic model with specificity 

for the MHC I-restricted MHV spike protein-derived epitope s598. The cloned Spiky TCR 

offers the opportunity to systematically examine the natural CD8+ T cell response triggered 

by a cytopathic virus infection. 
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6.1 Abstract 

 

The constitutive chemokines CCL19 and CCL21, i.e. the ligands of chemokine receptor 7 

(CCR7), are critical regulators of immune homeostasis and activation within secondary 

lymphoid organs. Importantly these chemokines are also expressed in the CNS and their 

expression is significantly elevated in patients suffering from multiple sclerosis. However, it 

has remained elusive whether and how these chemokines impinge on virus-driven 

inflammatory processes in the CNS that precipitate demyelination. Using Ccl19-Cre reporter 

mice facilitating in vivo tracking of CCL19-producing cells, immunohistochemistry and RT-

PCR analysis, we assessed to which extent CCR7 ligands produced in the CNS contribute to 

the control of coronavirus-mediated CNS inflammation. We found that CCL19 was produced 

predominantly by endothelial cells of brain microvessels, astrocytes and stromal cells 

adjacent to the axonal trajectories of infected neurons. Moreover, we identified podoplanin-

expressing endothelial cells of blood-brain-barrier microvessels as main producers of CCL21. 

To assess whether the disruption of the CCR7-CCL19/CCL21 axis in the CNS impacts on 

virus-induced CNS inflammation, we utilized mice lacking either CCR7 on all cells or CCR7-

ligands selectively within secondary lymphoid organs (paucity of lymph node T cell (plt/plt) 

mice). CCR7-deficient mice rapidly lost weight and were terminally ill at day 10 post infection. 

In strong contrast, plt/plt mice that have preserved expression of the Ccl21-Lec isoform in the 



  Results 

 69 

CNS, completely recovered from the infection. Moreover, antiviral T cell responses in CCR7-

deficient mice were more severely affected compared to plt/plt mice resulting in impaired 

virus control. Importantly, competitive adoptive transfer of CCR7-proficient and CCR7-

deficient, virus-specific CD8+ T cells resulted in preferential recruitment of CCR7-expressing 

cells to the brains of plt/plt animals further showing that CNS-restricted expression of CCR7 

crucially regulates cell recruitment to the brain. Further along the same line, adoptive transfer 

of CCR7-proficient virus-specific cells rescued CCR7-deficient mice from lethal CNS 

inflammation. Taken together, these data indicate that expression of CCR7 ligands in the 

CNS provides a crucial advantage for the host during neurotropic viral infection. 
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6.2 Introduction 

 

Successful adaptive immune responses against pathogens rely on activation of specific 

lymphocytes within secondary lymphoid organs (Junt et al., 2008) and the recruitment of 

appropriately activated cells to sites of pathogen replication where the cells can exert their 

effector functions. Chemokines play a central role in these processes by coordinating the 

localization of immune cells in defined areas of the body thereby allowing specific 

interactions to occur (Bromley et al., 2008). CCR7 and its ligands CCL19 and CCL21 

represent the core chemokine axis of adaptive immunity responsible for multiple aspects of 

development, activation and migration of lymphocytes (Comerford et al., 2013). The primary 

function of CCR7 and its ligands is to establish and propagate anatomical microenvironments 

that support cognate interactions between antigen-presenting cells (APCs) and antigen-

specific lymphocytes. In lymph nodes, this is achieved by constitutive expression of 

CCL19/CCL21 on stromal cells that organize “molecular highways” for incoming CCR7-

expressing lymphocytes. Fibroblastic reticular cells (FRCs) of LNs produce both chemokines, 

but only CCL21 is secreted by endothelial cells (ECs) of high endothelial venues (HEVs) as 

well as lymphatic endothelial cells (LECs). Whereas CCL19 is encoded by one gene, gene 

duplication gave rise to two functional CCL21 variants that differ by only one amino acid and 

exhibit different expression patterns. While the CCL21a variant bears a serine at position 65 

and is expressed in lymphoid organs such as thymus, lymph node and spleen, the CCL21b 

leucine-isoform is expressed in non-lymphoid organs such as lung, heart, colon, stomach, 

brain and skin (Chen et al., 2002). Even though both chemokines bind CCR7 with similar 

affinity, the structures of CCL19 and CCL21 are disparate implying differences in their 

function as well as regulation. While CCL19 exists only as a locally available, soluble 

molecule, the extended C-terminal tail of CCL21 enables this chemokine high affinity binding 

to glycosaminoglycans (GAGs) and other molecules of the extracellular matrix enhancing its 

presentation on the surface of ECs (Gunn et al., 1998; Rot and von Andrian, 2004). 
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Furthermore, the proteoglycan podoplanin expressed by stromal cells can specifically 

present CCL21 and has been shown to regulate the availability of this chemokine (Förster et 

al., 2008). Nevertheless, the soluble form of CCL21 can also be available upon cleavage of 

matrix-bound chemokine.  

Differences in the availability of the two CCR7 ligands are associated with disparate 

functions. The matrix bound CCL21 induces both chemotactic migration and cell adhesion 

(Schumann et al., 2010), which is important for extravasation processes. However, the 

soluble forms of both chemokines can induce chemotaxis, but not adhesion (Schumann et 

al., 2010). Additionally, CCL19 has been found to have an additional role by providing non-

migratory signals such as promoting cell survival (Link et al., 2007). These functions of 

CCL19 and CCL21 are exerted following binding to their G protein-coupled receptor, CCR7 

that contains seven transmembrane-spanning domains and propagates the signal to a 

distinct set of intracellular downstream signaling modules including mitogen-activated protein 

kinase and Rho-coffilin signaling axis (Noor and Wilson, 2012).  

CCR7 is expressed by thymocytes during different stages of their development, naïve T and 

B cells, mature and semi-mature DCs, T regulatory cells as well central memory (CM) T cells 

(Comerford et al., 2013). Research on CCR7-deficient mice revealed strong dependency of T 

cells on CCR7 signaling for efficient entry into LNs and PPs (Stein et al., 2000). The inability 

of CCR7-deficient T cells to receive instructions from CCL19/CCL21-producing FRCs of LNs 

resulted in their reduced motility (Worbs et al., 2007). Even though migration of both T cells 

and DCs and their motility within LNs in CCR7-deficient mice is strongly impaired, 

interactions between T cells and DCs in these mice still do occur but with diminished 

efficiency and within altered anatomical locations of spleen and LNs (Förster et al., 1999; 

Gunn et al., 1999). However, numerous studies using infections of CCR7-deficient mice have 

shown that the effects of CCR7-deficiensy on adaptive immune responses strongly relies on 

the nature of the pathogen (Kursar et al., 2005; Olmos et al., 2010; Noor et al., 2010; Junt et 

al., 2004). 
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Importantly, some CCL19 and CCL21 expression can also be found in non-lymphoid, 

peripheral organs such as skin (Christopherson et al., 2003), lung (Lo et al., 2003) and CNS 

(Krumbholz et al., 2007; Columba-Cabezas et al., 2003; Pashenkov et al., 2003; Kivisäkk et 

al., 2004).  Moreover, the production of CCR7 ligands can be increased during inflammatory 

reactions such as in the CNS (Krumbholz et al., 2007; Pashenkov et al., 2003), lung (Rangel-

Moreno et al., 2007) or liver (Burke et al., 2010). The finding that ectopic expression of 

CCL21 is sufficient to allow for the development of tertiary lymphoid organs (Marinkovic et 

al., 2006) suggests that CCR7 ligands can actively regulate immune cell localization and 

function at peripheral sites of inflammation. 

The central nervous system requires particularly strict entry and functional control of 

lymphocytes because immunopathological damage of this organ has to be kept at a 

minimum (Owens et al., 2008). However, the finding that more than 80% of the cells in the 

cerebro-spinal fluid (CSF) of healthy individuals are CM T cells, expressing high levels of 

CCR7 (Giunti et al., 2003; Kivisäkk et al., 2004) suggest that entry and maintenance of T 

cells in the CNS is controlled – at least in part – via this molecule. Moreover, chronic 

inflammatory diseases of the CNS such a multiple sclerosis (MS) are associated with 

elevated CCL19 expression in active and inactive lesions (Pashenkov et al., 2003; 

Krumbholz et al., 2007). In an experimental model of MS, both CCL19 and CCL21 can be 

detected in inflamed venules and perivascular cuffs (Columba-Cabezas et al., 2003). 

However, it is not known whether the expression of CCR7 ligands in the CNS is sufficient to 

protect from severe CNS inflammation. 

To address this question, we utilized the intranasal (i.n.) infection with the mouse hepatitis 

virus (MHV) strain A59 which leads to a transient encephalitis in immunocompetent animals, 

but causes chronic demyelinating and lethal disease in animals with particular 

immunodeficiencies (Cervantes-Barragan et al., 2009; Gil-Cruz et al., 2012). Here, we 

focused on the events that take place early during the establishment of the infection, when 

MHV causes more than 1,000-fold upregulation of the chemokines in affected regions of the 

CNS. We found that these chemokines are mainly produced by CNS stromal cells, i.e. ECs 
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and perivascular fibroblasts, around postcapillary venules. Importantly, ablation of CCR7 was 

associated with reduced recruitment of antiviral CD8+ T cells to the CNS and development of 

lethal CNS disease. However, expression of the CCL21b isoform outside of SLOs secured 

sufficient CD8+ T cell recruitment to the CNS and hence provided protection from virus-

mediated disease. Taken together, our data revealed that CCR7 ligands expressed in the 

CNS exert crucial functions for optimal control of neurotropic viral infection.  

 

6.3 Materials and Methods 

Ethical statement 

Experiments were performed in accordance with federal and cantonal guidelines under 

permission number SG09/87 following review and approval by the Cantonal Veterinary Office 

(St. Gallen, Switzerland). 

 

Mice  

C57BL/6 (B6) mice were purchased from Charles River Laboratories (Sulzfeld, Germany). 

CCR7-deficient, CXCR3-deficient and plt/plt mice were obtained from the institute für 

Labortierkunde (University of Zürich). All mice were maintained in individually ventilated 

cages and were used in the age of 6 to 9 weeks.  

 

Virus infection and determination of virus-induced pathology 

Mice were infected intranasally using 5x104 pfu MHV A59 (Coley et al., 2005) or MHV eGFP 

(Cervantes-Barragan et al., 2009a). At indicated time points mice were sacrificed, organs 

were collected, weighed and stored at −80°C until further analysis. Virus titers were 

determined from homogenized organs using standard plaque assay on L929 cells (Züst et 

al., 2007). 
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RNA isolation and quantitative RT-PCR  

Samples from indicated areas of the brains were collected and stored at −80°C as described 

above.  Brain samples were disrupted in TRIzol and RNA was isolated according to the 

manufacturer’s instructions (Invitrogen). To remove residual DNA, RNA samples were 

treated with DNAfree (Life technologies) according to the manufacturer’s protocol. cDNA was 

prepared using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). 

HotStar Taq DNA polymerase (Qiagen) was used to amplify cDNA by conventional RT-PCR. 

Quantitative real-time PCR was performed using the LightCycler 1.5 (Roche Diagnostics) 

and the LightCycler FastStart DNA master SYBR Green I kit (Roche Diagnostics) following 

the manufacturer’s protocol. For LightCycler analysis, expression of TATA-binding protein 

(TBP) was used for normalization. Relative expression of samples from naive and MHV A59-

infected mice was calculated by the comparative cycling threshold method (ΔΔ-CT method). 

Amplification program for the LightCycler instrument was 95°C 15 min; 50 cycles – 95°C 10 

sec, 58°C 10 sec, 72°C 20 sec. 

The primer pairs described previously (Scandella et al., 2008) were used for the 

analyses of 

Ccl19:  

Forward: 5’-CTGCCTCAGATTATCTGCCAT-3’;  

reverse: 5’-AGGTAGCGGAAGGCTTTCAC-3’ 

Ccl21: 

Forward: 5’-AAGGCAGTGATGGAGGGG-3’;  

reverse: 5’-CGGGGTAAGAACAGGATTG-3’ 

TBP: 

Forward: 5’-CCTTCACCAATGACTCCTATGAC-3’;  

reverse: 5’- CAAGTTTACAGCCAAGATTCAC-3’  
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Immunohistochemistry 

Brains were fixed over night in freshly prepared 4% paraformaldehyde (Merck) at 4°C under 

agitation and subsequently washed in PBS for one additional day. Fixed brains were 

embedded in 4% low melting agarose (Invitrogen) in PBS and sectioned with a vibratome 

(VT-1200; Leica). 20–30-µm-thick sections were blocked in PBS containing 10% FCS, 1 

mg/ml anti-FcRγ (BD) and 0.1% Triton X-100 (Sigma-Aldrich). Sections were incubated over 

night at 4°C with the following antibodies: anti-CCL21 (Abcam), anti-gp38/podoplanin, 

conjugated anti-CD31 (eBioscience). Unconjugated antibodies were detected using Alexa-

fluor labelled secondary antibodies and Alexa-fluor labelled streptavidin (Jackson 

Immunotools). Microscopic analysis was performed using a confocal microscope (LSM-710; 

Carl Zeiss) and images were processed with ZEN 2010 software (Carl Zeiss).  

 

Cell isolation and adoptive transfer  

Single-cell suspensions from spleens were prepared by mechanical disruption of the organ. 

For adoptive transfer, splenocytes were depleted of erythrocytes using lysis buffer (0.15 M 

NH3Cl, 1 mM KHCO3, 0.1 mM EDTA). For in vivo proliferation and protection studies, 

splenocytes were labeled using 10 µl 5 mM CFSE (Molecular Probes, Leiden, Netherlands) 

according to the manufacturer`s protocol and 107 cells (corresponding to 1x106 CD8+ TCR 

transgenic T cells) were transferred intravenously (i.v) into recipient mice. CD8+ T cells or 

CD3+ cells from spleens were obtained using anti-CD8 or anti-CD3 MACS beads (Miltenyi 

Biotec). Twelve hours post adoptive transfer of sorted cells, the indicated recipient mice were 

infected with MHV A59. 

 

Flow cytometry 

Mice were sacrificed at the indicated time points and immediately perfused with PBS. Single-

cell suspensions from spleens were obtained as described above. To obtain stromal cells 

from the brains, the indicated areas were dissected into small pieces, transferred into a 24-
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well dish filled with RPMI 1640 medium containing 2% FCS, 20 mM Hepes (all from Lonza), 

1 mg/ml Collagenase Type IV (Sigma-Aldrich), and 25 µg/ml DNaseI (AppliChem), and 

incubated at 37°C for 30 min. After enzymatic digestion, cell suspensions were washed with 

PBS containing 0.5% FCS and 10 mM EDTA (MACS buffer). CNS-infiltrating lymphocytes 

were isolated using mechanical disruption of the organ followed by enrichment based on 70–

30% Percoll gradients (GE Healthcare) and centrifugation for 25 min at 800×g. 

Characterization of the cells was performed using surface staining with antibodies against 

gp38/podoplanin (BD), CD31, CD8-FITC, Thy1.1-APC of PerCP (eBioscience), CCR7-

PeCy7, CXCR3-APC (BioLegend) and PE-conjugated MHV S598/H-2Kb tetramers (Sanquin, 

Amsterdam, The Netherlands). 7-amino-actinomycin D (7AAD; Calbiochem) was used to 

discriminate dead cells in flow cytometric analyses. For peptide-specific cytokine production, 

106 splenocytes or CNS-derived lymphocytes were restimulated with s598 peptide 

((RCQIFANI) or M133 (TVYVRPIIEDYHTLT), Neosystem (Strasbourg, France)) in the 

presence of brefeldin A (5 µg/ml) and anti-Lamp 1-AlexaFlour 647 (BioLegend) for 5 h at 

37°C. Cells were stimulated with PMA (50 ng/ml) and ionomycin (500 ng/ml; both purchased 

from Sigma-Aldrich) as positive control or left untreated as a negative control. For 

intracellular staining, restimulated cells were surface stained and fixed with Cytofix-Cytoperm 

(BD Biosciences) for 20 min. Fixed cells were incubated at 4°C for 40 min in the presence of 

anti-CCL21 (Abcam), anti-IFN-γ and anti-TNFα (eBiosciences) mAb diluted in 

permeabilization buffer (2% FCS/0.5% saponin/PBS). Samples were analyzed by flow 

cytometry using a FACSCanto flow cytometer (BD Biosciences); data were analyzed using 

FlowJo software (Tree Star).  

 

Statistical analyses 

All statistical analyses were performed with Prism 4.0 (GraphPad). Data were analyzed with 

the unpaired Student’s t test. A p-value of <0.05 was considered significant. 
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6.4  Results 

 

6.4.1 CNS-restricted MHV infection drives strong induction of CCR7 ligands within 

CNS tissue 

 

Following i.n. infection with MHV, active viral replication is detectable within the CNS for up 

to two weeks post infection (Matthews et al., 2001). To determine the precise distribution of 

the virus during the first 10 days, we assessed viral titers in draining lymph nodes (cervical 

lymph nodes – cLNs) and different areas of the CNS, namely the olfactory bulb, mid brain, 

brain stem and spinal cord (Fig. 10a). Infectious viral particles were first detectable within 

olfactory bulbs and cLNs at day 2. By day 4, viral titers had reached peak values in olfactory 

bulbs and the virus had spread to all other CNS areas, including the spinal cord. At day 6, 

virus had been cleared from draining cLNs while clearance from the CNS tissues had not 

been achieved by day 10 (Fig. 10a). Using GFP-labeled virus to track infected cells at day 6, 

we found that viral spread followed olfactory projections from the olfactory bulb (Fig. 10b(i)) 

to the thalamus (Fig. 10b(ii)) and pons (Fig. 10 b(iii)). Interestingly, neurons and glial cells 

were infected supporting the notion that the virus utilizes both axonal transport (Perlman et 

al., 1990) and cell-to-cell spread (Gallagher and Buchmeier, 2001). To assess whether viral 

infection correlates with the expression of CCR7 ligands, we performed quantitative RT-PCR 

analysis using samples from the major infected areas. We found that both CCL19 and 

CCL21 expression was profoundly elevated and that the pattern of upregulation reflected the 

kinetics of viral replication (Fig. 10c and d). Hence, the presence of actively replicating virus 

within the CNS tissue, particularly in the olfactory bulbs as virus entry points, drives a rapid 

and vigorous transcriptional activity of the genes encoding for CCR7 ligands.  
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Figure 10. Distribution of MHV in the CNS and concomitant upregulation of CCR7 
ligands. 

a) C57BL/6 mice were infected i.n. with 5x104 pfu MHV A59. Viral titers in cervical lymph 

nodes (cLN) and the indicated CNS regions were determined at different days post infection 

(mean±SEM, n=4 mice per time point). (b) Distribution of MHV infected cells visualized by 

the expression of fluorescent protein (GFP), as surrogate viral antigen, was determined 6 

days after i.n. infection with GFP-recombinant MHV. mRNA expression of the CCR7 ligands 

c) Ccl19 and d) Ccl21 was determined by quantitative RT-PCR at the indicated time points 

(mean±SEM, n=4 mice per time point). 
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6.4.2 Mapping of CCL19 and CCL21 producing cells in the MHV-infected CNS  

 

To define the cellular source of CCL19 and CCL21, we took advantage of Ccl19-Cre/EYFP 

reporter mouse (Chai et al., 2013) and combined this detection method with anti-CCL21 

staining. Since the olfactory bulb represents the major source of both virus and CCR7 ligand 

transcripts, we focused our in situ analysis on this area. Confocal microscopy revealed very 

low Ccl19 promoter activity and hence almost no EYFP in naïve mice (Fig. 11a). At the peak 

of viral replication on day 6, Ccl19 promoter-driven EYFP expression could be detected 

mainly in sub-meningeal areas (Fig. 11b arrows), whereas both CCL21 and Podoplanin 

(PDPN) were produced in a more scattered fashion (Fig. 11b). High resolution analysis of 

these sections showed that both CD31+ endothelial cells (ECs) of blood microvessels (Fig. 

11c, asterisk) and PDPN+ fibroblastic cells surrounding the blood vessels (Fig. 11c, arrow) 

expressed the EYFP marker. Interestingly, the phenotype and shape of these Ccl19-Cre+ 

fibroblastic cells with ERTR7 and PDPN expression (Fig. 11d, arrow) resemble fibroblastic 

reticular cells (FRCs) of secondary lymphoid organs (Chai et al., 2013). Moreover, it appears 

that these PDPN+ cells support CCL21 deposition in the perimeter of postcapillary venules 

(Fig. 11e). Using flow cytometric analyses to detect intracellular CCL21, we found that CD31+ 

blood endothelial cells are a major source of CCL21 (Fig. 11f, left panel) and that PDPN+ 

cells not only deposit CCL21 on their surface, but also contribute to its production (Fig. 11f, 

right panel). Additionally, immunohistological analysis on day 12, i.e. after the resolution of 

the infection, showed that astrocytes represent another cellular source of CCL19 (Fig. 11g). 

Taken together, high-level production of CCR7 ligands was linked to areas of active viral 

replication and focused to ECs and FRC-like cells in and around postcapillary venules that 

support leukocyte recruitment, activation and survival. Hence, it is possible that CCR7 

ligands contribute to the creation of a perivascular microenvironment that supports and 

controls the action of antiviral lymphocytes.  
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Figure 11. CNS-resident cellular components involved in the production of CCR7 
ligands. 

Histological analyses of the Ccl19 gene expression and CCL21 production in naïve and MHV 

infected olfactory bulbs. Data are representative of at least two independent experiments. a) 

Olfactory bulbs of naïve Ccl19-cre/EYFP mice stained with indicated antibodies. Left-side 

panels show the longitudinal overview of the olfactory bulb with indicated level of the 

perpendicular cuts. Right-side panels show the perpendicular overview. Scale bar=200µm. b) 

Expression of EYFP in the olfactory bulbs of Ccl19-cre/EYFP MHV infected mice, day 6 p.i. 

Sections were stained with antibodies against PDPN and CCL21 and counterstained with 

DAPI, merged channels in the upper right plot, scale bar=200µm. c) High magnification of 

meningeal areas of olfactory bulbs of naïve (right-side panels) and day 6 MHV infected 

Ccl19-cre/EYFP mice. The samples were stained with antibodies against CD31 and PDPN 

and counterstained with DAPI, merged channels in the first two upper right plot, scale 

bar=30µm. d) High magnification of olfactory bulb postcapillary venules of Ccl19-cre/EYFP 

naïve (left-side panels) or day 6 MHV infected (right-side panels) mice. The samples were 

stained with antibodies against PDPN and ERTR7 and counterstained with DAPI. Merged 

channels in the upper plot scale, scale bar=30µm. e) High magnification of postcapillary 

vessels in the olfactory bulbs of naïve and day 6 MHV infected mice. The samples are 

stained with antibodies against CCL21 and CD31, scale bar=10µm. g) EYFP expression in 

astrocytes of day 12 MHV infected Ccl19-cre/EYFP mice, scale bar =10µm. Production of 

CCL21 in the olfactory bulbs of day 6 MHV infected mice was determined by intracellular 

staining using flow cytometric analyses. f) CCL21 production by CD45-/ CD31+ positive cells 

(left-side plot-black lines), CD45- / PDPN+ cells (right-side plot-black lines) and CD45+ cells – 

red-doted lines. Gray-shaded plots represent staining with isotype control antibody. The 

values in the histograms represent the mean MFI value±SEM. The data are pooled from 3 

independent experiments, n=6. 

 

6.4.3 CCR7 expression is essential for successful control of neurotropic MHV 

infection 

 

Next, we assessed whether and to which extent CCR7 and its ligands contribute to control of 

MHV CNS infection. To this end, we used the intranasal route of infection in mice lacking 

either Ccr7 (Förster et al., 1999) or Ccl19 and Ccl21a in SLOs (Gunn et al., 1999). The latter 
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mouse strain, known as plt/plt (paucity of lymph node T cells) still shows expression of the 

Ccl21b isoform in extra-lymphatic tissue (Nakano and Gunn, 2001). Both mouse strains 

exhibit impaired T cell zone development in SLOs due to the migration defects of DCs and 

lymphocytes (Gunn et al., 1999; Förster et al., 1999) and hence show a comparable loss of 

immunocompetence (Junt et al., 2004; Kursar et al., 2005). While B6 mice successfully 

controlled the infection, experiencing transient weight loss during first two weeks, CCR7-

deficient mice demonstrated a strong drop in weight early upon the infection and were finally 

unable to control viral replication succumbing to infection by day 10 (Fig. 12a). In sharp 

contrast, plt/plt mice recovered from the initial weight loss and were able to successfully 

control the infection as shown by weight gain during the recovery phase (Fig. 12a). 

Determining viral titers in the brains of infected animals at day 10, confirmed that plt/plt mice 

better controlled the virus compared to CCR7-deficient mice (Fig. 12b). The lack of efficient 

viral control in both plt/plt and CCR7-deficient mice was associated with a pronounced 

reduction of antiviral CD8+ T cell numbers (Fig. 12c) and function (Fig. 12d), as well as a 

reduction of antiviral CD4+ T cell function (Fig. 12e). Importantly, CCR7-deficient mice 

demonstrated a more pronounced reduction in antiviral CD8+ T cell responses compared to 

plt/plt mice (Fig. 12c and d), whereas the antiviral CD4+ T cell response was not different the 

two strains. It is noteworthy that lack of CXCR3, a chemokine receptor that can function as 

alternative, low affinity receptor for CCL21 that regulates T cell migration to the CNS via 

inflammatory cytokines (Stiles et al., 2006; Liu et al., 2001) did not affect survival following 

intranasal MHV infection (Supplementary Fig. S16). Hence, the presence of CCR7 appears 

to be essential for the rapid control of CNS infection with a neurotropic coronavirus. The 

finding that plt/plt mice have a decisive advantage in coping with this viral infection suggests 

that the CCL21b isoform may preserve a critical level of Ccr7 signaling within the CNS 

thereby supporting successful antiviral CD8+ T cell responses in this vulnerable organ. 
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Figure 12. CCR7 ligands control MHV CNS infection and prevent severe disease. 

C57BL/6 (B6) control mice, CCR7-deficient or plt/plt mice were i.n. infected with 5×104 pfu of 

MHV A59. a) Weight loss of CCR7-deficient and B6 mice was recorded at the indicated time 

points following infection. Values indicate mean percentage of the initial weight±SEM (n=6-7 

mice per group). b) Viral titers in CNS were determined at day 10 after infection. Data 

indicate means of log transformed values ±SEM (n=5 mice per group). c) Tetramer-binding 

and IFN-γ production by CNS-infiltrating d) CD8+ and e) CD4+ T cells was evaluated by flow 

cytometry on day 10 after infection. Values of the bar graphs indicate mean±SEM of the 

respective virus-specific T cell population (n=3 mice per group). Plots show representative 

dot plot analysis with percentage of the specific T cell population indicated. 

 

6.4.4 CCR7-proficiency of CD8+ T cells protects against viral CNS infection 

 

Next, we assessed the activation and migration of MHV-specific CD8+ T cells in the presence 

or absence of the CCR7. To track antiviral CD8+ T cells in vivo and to ablate CCR7 on a 

specific population, we made use of a MHV spike protein-specific TCR transgenic mouse 

(Spiky). Adoptive transfer of congenic CFSE-labeled Spiky cells into MHV-infected B6 mice 

showed detectable activation at 74 h post infection (Fig. 13a). After this delay of 

approximately 3 days, transgenic cells vigorously proliferated in cLNs shown by the loss of 

CFSE (Fig. 13a). As expected, activation of Spiky cells in cLNs resulted in down-regulation of 

CCR7 (Fig. 13b). Intriguingly, accumulation of activated, i.e. CFSElow Spiky cells in the 
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infected CNS could only be detected after day 4 (Fig. 13c), suggesting that the cells undergo 

at least 8 rounds of proliferation within cLNs before they gain the ability to migrate to the 

CNS. Importantly, CNS-infiltrating Spiky cells had maintained CCR7 expression (Fig. 13d) 

suggesting that the highly abundant CCR7 ligands in the inflamed regions could affect MHV-

specific CD8+ T cells.  

Distribution of activated Spiky cells at day 6 within the brain revealed that the majority of cells 

resided within olfactory bulbs (Fig. 13e) further supporting the notion that the antiviral 

immune responses in the CNS are highly focused to infected areas hence sparing non-

infected regions from potential immunopathological damage.  

Next, we assessed whether restoration of CCR7 expression specifically on Spiky CD8+ T 

cells facilitates control over CNS-restricted MHV infection. Therefore, we adoptively 

transferred 106 CCR7-proficient Spiky T cells into CCR7-deficient mice and infected the 

recipients with MHV. Controls included adoptive transfer of polyclonal CD3+ cells from B6 or 

CCR7-deficient mice. As expected CCR7-deficient mice that had received CCR7-deficient 

CD3+ cells were not protected from MHV CNS infection, whereas CCR7-proficient CD3+ T 

cells from B6 mice provided protection (Fig. 14a, b). Importantly, CCR7-deficient mice that 

had received CCR7-proficient Spiky CD8+ T cells survived the infection (Fig. 14a, b) 

indicating that protection against this neurotropic viral infection critically depends on CCR7 

signaling in antiviral CD8+ T cells.  
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Figure 13. Activation and recruitment of MHV-specific CD8+ T cells to the infected 
CNS. 

A total of 107 of transgenic Thy 1.1+ Spiky cells (corresponding to 106 of transgenic CD8+T 

cells) labeled with the intracellular dye carboxy-fluorescein succimidyl ester (CFSE) were 

adoptively transferred into Thy1.2+ B6 mice. 12 h later the mice were i.n. infected with 5×104 

pfu of MHV A59 and a) CFSE dilution and b) CCR7 expression of Thy1.1+CD8+ T cells from 

the cLN were determined by flow cytometry at the indicated time points. Values in the 

histograms indicate percentage of proliferated cells (black line) compared to naïve controls 

(grey shadowed line). The data are representative of 2 independent experiments with 3 mice 

per group. (c, b) Flow cytometric analysis of c) CFSE dilution and d) CCR7 expression of 

Thy1.1+CD8+ T in the brain was performed at 96 h and 180 h p.i. The values in the 

histograms represent the mean of MFI±SEM of the total Thy1.1+CD8+ T population (black 

lines) compared to isotype control (gray shaded lines). The data are representative of 2 

independent experiments with 3 mice per group. e) Frequencies of Thy1.1+CD8+ T cells in 
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the cLNs and indicated areas of the brain obtained day 4 and 6 p.i. Data represent mean 

value±SEM of two independent experiments, n=4 mice. 

 

 
Figure 14. CCR7-proficient T cells protect against MHV induced neuroinflammation. 

A total of 107 of CD3+ CCR7-proficient, CD3+ CCR7-deficient or 106 of transgenic Spiky cells 

were adoptively transferred to CCR7-deficient mice. 12 h after the transfer, recipient mice 

and control groups of CCR7-deficient and B6 mice were infected i.n. with 5x104 pfu of MHV 

A59. a) Survival and b) weight loss of the mice were followed over the indicated period of 

time. Values indicate mean percentage of the initial weight±SEM (n=10 mice per group). 

 

 

6.4.5 CNS-restricted expression of CCR7 ligands is sufficient to provide CD8+ T cell-

mediated immunity  

 

Phenotypical characterization of adoptively transferred TCR transgenic Spiky cells revealed 

that these cells were highly active and performed the major antiviral functions, namely 

degranulation and production of antiviral cytokines such as IFN-γ  and TNFα (Supplementary 

Fig. S17). Since CCR7 ligands expressed within SLOs not only support T cell migration, but 

also support T cell function, it is likely that antiviral CD8+ T cells are not only recruited more 

efficiently to inflamed areas of the CNS by locally produced CCR7 ligands, but can also 

perform decisively better if they receive stimuli via CCR7. To test this hypothesis, we used 

competitive co-transfer of CCR7-proficient and -deficient CD8+ Spiky T cells into plt/plt mice 

which produce CCR7 ligands only in peripheral, non-lymphoid organs. This analysis revealed 

substantially better recruitment of CCR7-proficient (Ly 5.1+) cells compared to CCR7-
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deficient (Thy1.1) antiviral CD8+ T cells to the CNS of MHV-infected plt/plt mice (Fig. 15a and 

b). Importantly, during the critical phase of the infection, i.e. at day 6, frequencies of both cell 

types were comparable in draining cLNs (Fig. 15b), indicating that the absence CCR7 

ligands did not affect priming. Moreover, we found that CCR7-deficiency of Spiky cells 

significantly affected their functionality, i.e. the ability to produce IFN-γ in the CNS (Fig. 15c). 

Overall, these competitive transfer experiments have shown that CCR7 ligand expression in 

the CNS not only supports recruitment of virus-specific CD8+ T cells to the CNS, but is also 

required for the execution of antiviral functions.  

 

Figure 15. Expression of CCR7 ligands in the CNS controls CD8+ T cell recruitment 
and function. 

104 of Ly5.1+ CCR7-proficient Spiky transgenic CD8+ T cells were co-transferred with 104 of 

Thy1.1+ CCR7-deficient Spiky transgenic CD8+ T cells into plt/plt mice. 12 h after the transfer 

mice were infected i.n. with 5x104 MHV A59. Flow cytometric analysis of the frequencies and 

functionality of CCR7-proficient or -deficient Spiky cells in the brain and cLNs was performed 

6 days after the infection. a) Representative dot plots of the accumulation of CCR7-proficient 

or CCR7-deficient Spiky CD8+ T cells. The values in the plots indicate the mean 

percentage±SEM of CCR7-proficient or -deficient Spiky cells of CD8+T cell population.  

b) Frequencies of CCR7-proficient and CCR7-deficient transgenic CD8+ T cells in the brain 

and cLNs. c) Frequencies of IFN-γ producing CCR7-proficient or -deficient Spiky transgenic 
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CD8+T cells in the brain and cLNs. Data represent mean value±SEM (n=4 mice). Statistical 

analyses was performed using the Student’s t test (*,p<0.05;**,p,0.01;***,p<0.001; n.s. not 

significant). 
 

6.5 Discussion 

 

Recruitment of cytotoxic T cells to the CNS and regulation of their function during neurotropic 

viral infections are critical for the delicate balance between antiviral immunity and 

immunopathology. The CNS is considered an immunologically privileged site and some of 

the immunological pathways used in peripheral organs should be particularly well controlled 

within this vital organ (Engelhardt and Ransohoff, 2005). Hence, potent immune effectors 

such as antiviral CD8+ T cells should be directed specifically to sites of viral replication. Our 

work indicates that CCR7 ligands produced in the CNS during viral infection function as part 

of a multi-layered control network that secures spatio-temporal focusing of the immune 

responses to the areas of viral infection. It appears that CCL19 and CCL21 not only guide 

cytotoxic CD8+ T cells to the CNS, but also support execution of their full antiviral function. 

These conclusions are supported by the finding that infection with neurotropic virus MHV A59 

leads to substantial increase in transcript levels of Ccl19 and Ccl21 and enhanced production 

of the chemokines in the perivascular space of postcapillary venules. The inability of antiviral 

CD8+ T cells to respond to CCL19/CCL21 resulted in a fatal outcome of the infection. 

Importantly, CCL21b expression outside of secondary lymphoid organs provided sufficient 

stimulation of virus-specific CD8+ T cells to control the neurotropic viral infection. Taken 

together, we demonstrate that T cell-restricted expression of CCR7 is necessary and 

sufficient to allow recruitment and guarantee optimal functionality of antiviral CD8+ T cells 

during neurotropic viral infection. 

Delayed and impaired immune responses detected in CCR7-deficient and plt/plt mice, 

particularly in the situation of limiting amount of antigen, have been explained by inefficient 

recruitment of T cells and DCs to the local lymph nodes (Förster et al., 1999; Gunn et al., 
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1999). Nevertheless, it has been reported that under the conditions of strong inflammatory 

responses with abundant antigen, the need for CCR7 signaling can be bypassed, ensuring 

successful pathogen clearance albeit the lack of optimal interactions between T cells and 

DCs within LNs (Junt et al., 2004; Scandella et al., 2007). Although intranasal infection with 

MHV leads to high levels of viral replication, our experiments show that abrogation of CCR7 

signaling results in fatal consequences. Similar results have been obtained in a study using 

Toxoplasma gondii infection that leads to rapid replication of tachyzoites and dissemination 

to the brain (Noor et al., 2010). Although high levels of parasites are reached shortly after 

infection, CCR7-deficient mice were unable to raise sufficiently strong immune responses 

against the pathogen (Noor et al., 2010). Therefore, previous findings support our 

interpretation that CCR7 is not only an important driver of adaptive immune responses within 

SLOs, but also exerts important functions in non-lymphoid tissues such as the CNS.   

Reduced numbers of CCR7-deficient virus-specific CD8+ T cells compared to CCR7-

proficient ones in the brains of MHV infected plt/plt animals in our co-transfer study pointed 

towards an important role of CCR7 ligands in the recruitment of T cells to the CNS. It is 

possible that CCR7 ligands control T cell recruitment to the LNs via HEVs and through brain 

vessel epithelium to the CNS by similar mechanisms. Indeed, inflamed brain vessels express 

increased levels of selectins and integrins (Steffen et al., 1994) which reduce the rolling 

velocity of lymphocytes and permit prolonged interactions with the endothelial wall 

(Engelhardt, 2006). Moreover, CCL19 and CCL21 expression by brain blood vessels further 

enhances T cell interaction with endothelial cells facilitating diapedesis. Importantly, the lack 

of L-selectin ligands expression by brain blood endothelium prevents naïve T cells from 

slowing down at the level of postcapillary venules, thus precluding them from sensing CCL19 

and CCL21 via CCR7 (Alt et al., 2002). In the same line, the lack of CD62L expression of 

activated CCR7-expressing T cells seems to prevent their recirculation through local LNs and 

leads to preferential migration towards CCL19/CCL21 expressing inflamed brain 

endothelium. Interestingly, enhanced CCL19/CCL21 production of brain endothelial cells and 

perivascular cells detected in our study suggest that inflamed brain vessels of blood brain 
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barrier could acquire some of the properties of HEVs as suggested by previous studies (Alt 

et al., 2002; Columba-Cabezas et al., 2003).  

Crossing the endothelial barrier is just the first step in T cell migration to the parenchyma. 

Crossing over a second barrier composed of astrocyte endfeet is most relevant for activated 

T cells to finally reach neuronal tissue (Owens et al., 2008). While the processes regulating 

the first step are well understood, the second step requires further analysis. We found that at 

later stages of the infection, astrocytes had become Ccl19-Cre/EYFP positive indicating that 

these cells contribute to perivascular CCL19 expression at some stage of the infection. It will 

be interesting to further delineate the timing and magnitude of astrocyte-derived CCR7 ligand 

production and to dissect whether this activity is connected to persisting viral replication.  

As T cells travel from blood through the walls and membranes of postcapillary venules, they 

make additional contacts with antigen presenting cells in the perivascular space and collect 

further information that can influence their functionality ones they have reached brain 

parenchyma (Greter et al., 2005; Kang et al., 2011). Interestingly, podoplanin-expressing 

cells of brain meninges can serve as antigen presenting cells (Kang et al., 2011). Hence, it is 

possible that prolonged expression of CCL21 by these cells, as shown in our experiments, 

could serve to attract and engage CD8+ T cells in additional contacts with local APCs. 

Therefore, stromal cells of the brain may provide further instructions to transmigrating cells 

and tune their functionality within neuronal tissues. Additionally, CCL19 provided by 

astrocytes at the level of the glia limitans could also serve to instruct T cell behavior and 

function. This notion is further supported by our finding that virus-specific CD8+ T cells, both 

the ones retrieved from the brains of plt/plt mice following adoptive co-transfer and the ones 

obtained from CCR7-deficient mice, showed markedly decreased effector function as 

measured by IFN-γ production. The fact that CCR7-deficient virus-specific CD8+ T cells did 

not show impaired IFN-γ production during systemic viral infection (Junt et al., 2004), further 

supports the conclusion that CCR7 and its ligands provide important stimuli to T cells during 

CNS infection. 
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In conclusion, our study shows that CCR7 and the expression of its ligands outside of 

lymphoid organs are critical for the containment of neurotropic virus infection. The 

understanding of the cellular basis and molecular mechanism involved in regulation of T cell 

recruitment to the CNS and their function within may guide establishment of improved 

therapeutic approaches to manage T cell-mediated inflammatory conditions that affect the 

brain.  

 

6.5.1.1 Supplementary material 

 

 

Figure S16. Chemokine CXCR3 is not necessary for the control of MHV induced 
inflammation. 

a) Survival curves of CXCR3-deficient mice and control B6 mice infected i.n. with MHV A59. 

(n=5 mice per group). 
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Figure S17. Functionality of CNS-infiltrating Spiky transgenic CD8+ T cells. 

A total of 107 splenocytes of transgenic Thy 1.1+ Spiky cells (corresponding to 106 of 

transgenic CD8+T cells) were adoptively transferred to B6 mice and 12h later mice were 

infected i.n. with MHV A59. Functionality of CNS-infiltrating Spiky cells on day 6 p.i. was 

determined by intracellular staining for the production of cytokines TNFα, IFN-γ and/or 

expression of the degranulation marker Lamp-1. a) Representative plots of cytokine 

production/degranulation profile of transgenic Spiky CD8+ T cells, b) frequencies of cytokine 

producing and/or degranulating transgenic Spiky CD8+ T cells. Data represent the mean 

percentage±SEM, (n=3). 
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7.1 Abstract 

 

Adoptive T cell therapy has become a promising approach for treatment of cancer and 

persistent virus infections. Importantly, it is mainly the functional avidity of the engineered T 

cells that determines the success of the treatment. As a measurement of their biological 

performance, functional avidity of T cells combines different factors such as co-receptor 

expression, T cell receptor (TCR) affinity and density. To assess the contribution of TCR 

density on the performance of CD8+ T cells recognizing the spike protein of a cytopathic 

mouse coronavirus, we have used TCR retrogenic (Rg) mice engineered to express variable 

numbers of TCRs on the surface of their T cells. Based on TCR numbers, Rg T cells were 

classified as low, intermediate, high and xhigh TCR density groups. Activation of antiviral Rg 

CD8+ T cells was assessed by CFSE dilution assay and further analyzed using a 

mathematical model that describes the essential performance parameters of T cells. We 

found that increasing TCR density led to increased commitment rates, reduced death rate 

and shortened doubling times. Surprisingly, TCR expression above physiological levels, i.e. 
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xhigh TCR density, resulted in very fast commitment to initial proliferation and cycling arrest 

after the second round of proliferation. Moreover, xhigh TCR density cells showed drastically 

reduced apoptosis indicating that supraphysiological levels of TCR expression significantly 

alter T cell behavior. Importantly, adoptive transfer of antiviral TCR Rg CD8+ T cells into 

coronavirus-infected mice revealed that both high and intermediate TCR Rg CD8+ T cells 

provide optimal control of the viral infection and hence reduce infection-associated tissue 

damage. Taken together, our results indicate that engineered, low avidity CD8+ T cell exhibit 

optimal performance within a broad range of TCR densities.  
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7.2 Introduction 

 

CD8+ T cells are important for the successful defense against viruses and tumors 

(Alexander-Miller, 2005; Zhang and Bevan, 2011). The high specificity of CD8+ T cell-

mediated target cell destruction is therefore utilized in adoptive T cell therapy (ATT) 

approaches. Indeed, ATT with transfer of antigen-specific CD8+ T cells has shown to be a 

promising treatment for malignancies and viral infections, particularly in the context of bone 

marrow transplantation (Walter et al., 1995; Leen et al., 2006; Kennedy-Nasser et al., 2009; 

Feuchtinger et al., 2006). Although initial application of ex vivo expanded, autologous 

lymphocytes showed success in treating patients with metastatic melanoma (Dudley et al., 

2010, 2008) and immunodeficient bone marrow transplant recipients (Doubrovina et al., 

2012; Leen et al., 2013), isolation, expansion and maintenance of antigen-specific CD8+ T 

cells has been a major hurdle in translation to broad clinical application.  

The demonstration that specificity of a T cell is solely determined by the T cell receptor 

(TCR) αβ genes and therefore can be redirected by antigen-specific TCR gene transfer 

(Dembić et al., 1986) has opened new opportunities for ATT. Successful gene-mediated 

redirection of T cells using TCRs with specificity for melanoma (Clay et al., 1999) or influenza 

virus (Kessels et al., 2001) has demonstrated the applicability of genetically engineered T 

cell adoptive therapy in the human system. Moreover, a successful phase I clinical trial 

treating patients with metastatic melanoma with autologous T cells genetically modified to 

express a MART-I specific TCR (Morgan et al., 2006), has proven clinical feasibility. 

Nevertheless, these pioneering studies have identified several technical problems that have 

to be solved to establish ATT as a safe and highly effective treatment option. An important 

element that determines the success of ATT is the functional avidity of the TCR of choice 

(Stone et al., 2009). Functional avidity is defined by functional measures such as half-

maximal cytokine production or target cell lysis following exposure to the cognate peptide in 

graded concentrations (Nauerth et al., 2013). Hence, functional avidity determines the true 
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biological potential of a T cell population, but incorporates several independent factors that 

mutually influence T cell performance. The major component determining T cell function is 

the structural affinity of the TCR (L. a. Johnson et al., 2006). Additionally, factors such as 

CD8 or CD4 co-receptor expression levels, adhesion molecules or changes in the molecules 

of the signaling cascade significantly affect magnitude and quality of the T cell response 

(Stone et al., 2009). Moreover, the TCR surface expression levels crucially influence T cell 

functional avidity because it determines the overall signal strength received by the T cell 

during the activation phase. Unlike the structural affinity of the TCR to its cognate 

peptide/MHC complex that is a hardwired characteristic, TCR surface levels represent an 

adjustable property that allows modulation of the signal strength (Valitutti et al., 1997; San 

José et al., 2000; Finkel et al., 1989). Moreover, TCR density impinges on the optimal 

performance of genetically engineered T cells because the lack of stable and high level TCR 

expression results in functional impairment of such engineered T cells (Fujio et al., 2000; 

Cooper et al., 2000). Thus, for ATT, it is important to define the optimal range of TCR density 

and determine the functional consequences of different TCR expression levels.  

Previous studies have established that a particular threshold of TCR surface expression is 

required to ensure full activation of polyclonal T cell populations (Valitutti et al., 1995; Viola 

and Lanzavecchia, 1996; Blichfeldt et al., 1996). However, quantitative estimation of T cell 

functional performance parameters is not possible using polyclonal T cells because diverse 

TCRs may exhibit different properties. To overcome these limitations, we have used 

retrogenic mouse technology (Bettini et al., 2012) that allowed us to create T cells differing 

solely in the numbers of surface expressed TCRs. By introducing a mouse hepatitis virus 

(MHV)-specific TCR with low functional avidity into the genome of RAG1-deficient stem cells, 

we ensured development of mice harboring only one monoclonal CD8+ T cell population. 

Combining CFSE-based in vitro proliferation assay with mathematical modeling, we have 

assessed the performance of T cells expressing different levels of TCRs. We found a 

biphasic TCR density-dependent behavior of these T cells: (i) no or very low activation and in 

vivo protection against viral challenge at <5,000 TCRs per cell, (ii) efficient activation, 
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differentiation and high protective capacity at TCR levels between 5,000 and <17,000 per 

cell, and (iii) swift activation, proliferative arrest and loss of in vivo protective capacity at TCR 

levels above 17,000 per cell. These findings indicate that engineering of low avidity TCRs for 

ATT can rely on a rather broad TCR surface density window to secure optimal T cells 

performance. 

 

7.3 Material and Methods 

Ethical statement 

Experiments were performed in accordance with federal and cantonal guidelines under 

permission numbers SG08/11, SG03/14 and SG11/03 following review and approval by the 

Cantonal Veterinary Office (St. Gallen, Switzerland). 

 

Mice  

C57BL/6 (B6) mice were purchased from Charles River Laboratories (Sulzfeld, Germany). 

RAG1-deficient mice and β2m-deficient mice were obtained from the Institut für 

Labortierkunde (University of Zürich). All mice were maintained in individually ventilated 

cages and were used at the age of 6 to 9 weeks.  

 

Cells lines 

L929 were purchased from the European Collection of Cell Cultures. Plat-E packaging cells 

were described previously (Klump et al., 2001). Plat E cells were cultured in Dulbecco’s 

modified Eagle’s medium supplemented with 10% heat-inactivated fetal calf serum 

(FCS)(Sigma-Aldrich) and 100 IU/ml penicillin, streptomycin. The selective culture medium of 

Plat-E cells contained 10 µg/ml blasticidin and 1 µg/ml puromycin (antibiotics: Sigma-Aldrich, 

Switzerland). During the transduction process, cells were left without antibiotics. The murine 

cell line 58 cells (M58) (Letourneur and Malissen, 1989) were grown in RPMI 1640 medium 
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supplemented with 10% FCS (Lonza), 1 mM sodium pyruvate, 2 mM glutamine (Gibco, 

Invitrogen) 50 µM 2-mercaptoethanol (Sigma-Aldrich), 100 IU/ml penicillin, streptomycin, and 

1 mM HEPES. 

 

Generation of BM-derived DCs 

Bone marrow was flushed from femurs and tibias of C57BL/6 mice and erythrocytes were 

lysed by osmotic shock with 1 ml lysis buffer (0.15 M NH3Cl, 1 mM KHCO3, 0.1 mM EDTA) 

for 1 min at room temperature. Cells were washed twice with BSS and cultured in 5% RPMI 

1640 (Sigma-Aldrich) supplemented with 5% FCS (Lonza), 100 U penicillin-streptomycin 

(Lonza) and 5% GM-CSF (supernatant of X63 GM-CSF cells). Medium was replenished on 

days 2 and 4 of culture. Non-adherent cells were harvested on day 6. 

 

Construction of retroviral vectors 

Characterization of the MHV spike protein-specific TCR has been described in Chapter 2. 

Sequences of α and β TCR genes on the cDNA level were linked using a P2A sequence (de 

Felipe et al., 1999). Briefly, two successive PCR steps were performed: (a) TCR sequences 

were amplified using a set of gene-specific primers (GSPs) with overlapping P2A-encoding 

regions (75–90 amino acids in length). The 5′genes were amplified excluding the stop 

codon. (b) P2A-appended TCR chain genes were combined by annealing of complementary 

P2A sequences and subsequently amplified using GSPs harboring NotI and EcoRI restriction 

sites. Finally, the generated TCR cassette for MHV-specific TCR (βpα: vβ16-P2A-vα2) was 

integrated into the MP71-PRE vector (Engels et al., 2003) using ligation via NotI and EcoRI 

restriction sites. A second MHV-specific TCR  (βpα: vβ16-P2A-vα2) construct with codon-

optimized sequences and two additional cysteine residues within the constant regions of α 

and β chains was generated by GENEART (Regensburg, Germany). The optimized s598-

specifc TCR construct was incorporated into MP71-PRE using ligation via NotI and EcoRI 

restriction sites as above. 
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Production of s598-specifc TCR-encoding retroviral particles 

Retrovirus-containing supernatants were produced by transient calcium phosphate 

transfection (Soneoka et al., 1995) of the packaging cell line Plat-E using 18 µg of TCR-S 

expression vectors. DMEM supplemented with 10% FCS (Sigma-Aldrich) and 100 U/ml 

penicillin/streptomycin was used for virus production. After 48 and 72 h, supernatants were 

harvested, filtered through a 0.45-µm pore filter, and stored at −80°C for subsequent use. 

Quality of the virus supernatant was assessed by transduction of the TCR-deficient murine 

cell line M58 (seeded into 24-well plates at density of 105/ml) with 1 ml of retroviral 

supernatants at 37°C for 48 h. Percentage of M58 cells expressing the introduced TCR was 

measured using surface staining for the transgenic Vα2 TCR chain. For generation of low 

TCR expressing retrogenic mice, supernatants were diluted up to 5-fold, while non-diluted 

supernatants were used for generation of intermediate TCR expressing group. Mice with high 

and xhigh TCR expression were generated using retroviral supernatants obtained with 

expression vectors containing codon-optimized TCR constructs. Virus particle concentration 

was further increased using Amicon Ultra Centrifugal Filters (Millipore, Ireland) according to 

the manufacturer’s instructions. Supernatants (500 µl per well) were loaded onto 

RetroNectin-coated (12.5 µg/ml, TaKaRa, Saint-Germain-en-Laye, France) 24-well non-

tissue culture plates (Becton Dickinson, Switzerland) which were than centrifuged for 90 min 

at 2500×g and 4°C.  

 

Generation of TCR-engineered retrogenic mice 

Bone marrow (BM) cell suspensions were prepared from hind leg tibias and femurs of B6 or 

RAG1-deficient mice. BM cells were enriched for (hematopoietic stem cells) HSCs using the 

EasySep mouse SCA1 positive selection kit (StemCell Technologies, Grenoble, France) 

following to the manufacturer’s protocol. Cells were prestimulated at a density of 106/ml for 3 

days in StemPro-34 medium supplemented with 5% FCS (Sigma-Aldrich), 100 U/ml 

penicillin/streptomycin, 2 mM L-glutamine, 10 ng/ml murine IL-3, 50 ng/ml murine IL-6, and 
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50 ng/ml murine stem cell factor (PeproTech, Hamburg, Germany). On day 3, cell numbers 

were adjusted to 4×105/ml in freshly supplemented media and cultured overnight in 

RetroNectin/virus-coated 24-well plates. Transduction was repeated on day 4. For generation 

of xhigh TCR expressing mice, numbers of stem cells per well were reduced by a factor of 2 

at the second transduction. One day later, stem cells were harvested and 5x105 to 106 cells 

were i.v. injected into RAG1-deficient mice, which previously received 5.5 Gy total body 

irradiation from a linear accelerator (Clinic of Radio-Oncology, Kantonal Hospital, St. Gallen). 

Recipient mice received drinking water supplemented with sulfadoxin and trimethoprim 

(Borgal; Veterinaria) for 6 wk.  

 

Virus infection and determination of virus-induced pathology 

Mice were infected intraperitoneally (i.p.) using 50 or 500 pfu MHV A59 (Coley et al., 2005). 

Mice were sacrificed at the indicated time points and blood samples and organs were 

collected. Serum was obtained by centrifugation of blood samples and stored at -80°C until 

determination of alanine aminotransferase (ALT) levels with a Hitachi 747 auto-analyzer 

(Tokyo, Japan). Organs were weighed and stored at −80°C until virus titer determination by 

standard plaque assay on L929 cells (Züst et al., 2007). 

 

Cell isolation and adoptive transfer  

Single-cell suspensions from spleens were prepared by mechanical disruption of the organ. 

For adoptive transfer, splenocytes were depleted of erythrocytes using lysis buffer (0.15 M 

NH3Cl, 1 mM KHCO3, 0.1 mM EDTA). For in vivo proliferation studies, splenocytes were 

labeled using 10 µl 5mM CFSE (Molecular Probes, Leiden, Netherlands) according to the 

manufacturer`s protocol and 106 cells (corresponding to 2x105 CD8+ Rg T cells) were 

transferred intravenously (i.v) into recipient mice. One day after transfer, mice were infected 

with MHV A59. For in vivo protection studies, 106 splenocytes (corresponding to 2x105 CD8+ 
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Rg T cells) were i.v.  transferred into recipient B6 mice. One day after the transfer, recipient 

mice were infected using 50 pfu MHV A59 as described above. 

 

Flow cytometry 

Blood samples were collected in 3 ml FACS buffer to prevent coagulation and subsequently 

treated with BD FACS Lysing Solution (BD Bioscience). Blood cells and single-cell 

suspensions from spleens were characterized using surface staining with antibodies against 

CD4-PerCP, CD8-APC (BioLegend), CD3-PE (eBioscience) and PE-conjugated MHV 

S598/H-2Kb tetramers (Sanquin, Amsterdam, The Netherlands). For the analysis of Rg cells 

after adoptive transfer, mice were sacrificed 8 days post infection and immediately perfused 

with PBS. Single-cell suspensions from spleen and liver lymphocytes (enriched on 70–30% 

Percoll gradients (GE Healthcare)) were characterized using surface staining with antibodies 

against CD8-PeCy7, Ly5.1-APC (eBioscience) and PE-conjugated MHV S598/H-2Kb 

tetramers (Sanquin, Amsterdam, The Netherlands). 7-amino-actinomycin D (7AAD; 

Calbiochem) was used to discriminate dead cells in flow cytometric analysis. For peptide-

specific cytokine production, 106 splenocytes or liver lymphocytes were restimulated with 

s598 peptide ((RCQIFANI), Neosystem (Strasbourg, France)) in the presence of brefeldin A 

(5 µg/ml) and anti-Lamp 1-AlexaFlour 647 (BioLegend) for 5 h at 37°C. Cells were stimulated 

with PMA (50 ng/ml) and ionomycin (500 ng/ml; both purchased from Sigma-Aldrich) as 

positive control or left untreated as a negative control. For intracellular staining, restimulated 

cells were surface stained and fixed with Cytofix-Cytoperm (BD Biosciences) for 20 min. 

Fixed cells were incubated at 4°C for 40 min in the presence of anti-IFNγ and anti-TNFα 

(eBiosciences) mAb diluted in permeabilization buffer (2% FCS/0.5% saponin/PBS). For 

determination of IFN-γ−EC50, restimulation of the cells was performed using graded 

concentrations of s598 peptide as indicated. Samples were analyzed by flow cytometry using 

a FACSCanto flow cytometer (BD Biosciences); data were analyzed using FlowJo software 

(Tree Star).  
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In Vitro CFSE-based proliferation assay 

Single-cell suspensions obtained from spleens were subjected to erythrocyte lysis by osmotic 

shock. Cells were labeled using 10 µl 5 mM CFSE (Molecular Probes, Leiden, Netherlands) 

according to the manufacturer`s protocol. 105 splenocytes and 2x104 bone marrow derived 

DCs were seeded in 96-well round-bottom plates and s598 peptide was added at the 

indicated concentrations. Cells were analyzed by flow cytometry at 12, 36, 48, 60, 72, 84, 

and 96 h. Surface staining was performed using anti-CD8-PeCy7 and 7-amino-actinomycin D 

was used for discrimination of dead cells. At each measuring time point total, cell numbers 

were determined prior to the staining procedure using trypan blue (Sigma-Aldrich, 

Switzerland) dye exclusion and a Neubauer improved haemocytometer. CFSE dilution was 

determined on a FACSCanto flow cytometer (BD Biosciences); data were analyzed using 

FlowJo software (Tree Star). 

 

TCR density determination 

Number of TCRs expressed on the surface of Rg cells was determined using Quantum PE 

MESF kit (Bangs laboratories, Fishers, USA) according to the manufacturer’s instructions. 

Briefly, T cells were incubated with PE-labeled anti-Vα2 Ab and analyzed by flow cytometry 

together with standard calibration beads. Based on the mean florescence values of the 

calibration beads, a calibration curve was generated using QuickCal v2.3 provided by the 

manufacturer. TCR density was determined as Molecules of Equivalent Soluble 

Fluorochrome (MESF) indicative for fluorescence intensity of a given number of fluorochrome 

molecules present on the cell surface. Antibody density-dependent fluorochrome intensity, 

i.e. the exact numbers of antibodies bound per cell was determined using Simply Cellular 

anti-mouse IgG (Bangs laboratories, Fishers, USA) according to the manufacturer’s 

instructions. 

 

 



Results   

	
   	
   104 

Mathematical model describing T cell performance parameters 

This section is a summary of work described in detail in our previous work in (Bocharov et 

al., 2013; Luzyanina et al., 2013). In brief, division of CFSE-labeled T cells as determined by 

flow cytometry leads to CFSE histograms which are characterized by broadly varying 

patterns from highly distinct generational peaks to poorly resolved peaks. The poor resolution 

of the generational clusters in CFSE histograms is a consequence of an overlap of the 

successive generations in terms of CFSE heterogeneity due to an asymmetric partition of 

labeled proteins between the daughter cells. For a quantitative analysis of the corresponding 

CFSE histograms a novel approach is needed. 

We performed the analysis of proliferative performance of Rg T cells from the CFSE dilution 

time series data generated here. The model considers the clonal population dynamics of T 

cells as a superposition of the subpopulations of cells which differ in terms of (1) completed 

rounds of division, (2) position with respect to the cell cycle (resting and proliferating 

subsets), and (3) CFSE content (UI, unit of intensity). In contrast to all existing models 

developed for the analysis of CFSE-based lymphocyte proliferation assay thus far, the 

division-cycle-label structured model considers an asymmetric mitosis which leads to an 

unequal distribution of CFSE-labeled proteins between sister cell pairs upon division and, in 

addition, explicitly accounts for the duration of the cell cycle.  

Model variables, parameters and equations. The division-structured model considers the 

populations dynamics of the cohorts of resting and cycling T cells differing in terms of the 

number of completed divisions (generation-structure): )(),( tNtN C
i

R
i , where t stands for time 

and i refers to the generation number, which is equal to the division age of the cells since 

activation. In our analysis the number of successive generations was below 8. The rates of 

change of the resting- and cycling cell populations was modeled by the following set of delay-

differential equations:  
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with the information about the starting cell number N0 and CFSE distribution of the naïve 

population entering the model solution via the so-called initial conditions:  
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The model depends on parameters that characterize the generation-specific activation- 

(transition from G0 to G1) and death rates ),( ii βα , the duration of the progression from G1- 

to M-phase ( iτ ). The above model refers to the total number of cells in each generation that 

is sometimes difficult to assess, e.g., in the asymmetric division case. To this end, the above 

model is converted into a distributed parameter version that allows a direct reference to the 

CFSE histogram data. The label-structured mathematical model for asymmetric T cell 

division describes the evolution of the distribution density function of cells in successive 

generations (representing a CFSE histogram) ),( xtni , where t stands for time and x for the 

CFSE fluorescence intensity. The two models are related via following equality: total number 

of cells in generation “i” is equal to the integral under the distribution density function 

dsxsntN i

t

i ),()(
0
∫=  . As in the division-structured model each generation of cells is 

subdivided into the resting- and cycling subsets:   

 ),(),(,1,,1,0),,(),(),( xtnxtnIixtnxtnxtn R
II

C
i

R
ii =−=+= … .  

The temporal evolution of the cell distribution functions are modeled by the following label-

structured cell population balance partial differential equations: 
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With the initial conditions )0,[,0),( 00 τ−∈= sxsnR  and ),0(0 xnR  being the initial cell density 

function determined by the experimental CFSE histogram at the start of experiment. In 

addition, as only the initial cell generation is present we have the following initial data for the 

other cell generations: 
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R
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C
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Data fitting and parameter estimation. The solution of the label- and division-structured 

model can be expressed in terms of the solution of division-structured model as described 

elsewhere (Luzyanina et al., 2013). Both models have common parameters characterizing 

the proliferative performance of T cells, however the more complex model also characterizes 

the degree of asymmetry of lymphocyte division via the parameter m1 and the label loss rate 

parameter k. The model is fitted to the time-series of the CFSE histograms to estimate the 

parameters of cell proliferation.  

The fitting of the mathematical model to the CFSE histograms provides estimates of the 

following parameters: a): generation-specific activation- (transition from G0 to G1) and death 

rates ),( ii βα , duration of the progression from G1- to M-phase ( iτ ), the asymmetry factor (

im1 ), the natural decay rate of CFSE fluorescence intensity of the labeled cells (k ). The 

model is fitted to the CFSE histogram data directly, i.e. without need to identify distinct 

generations, being a problem for  standard software in case of asymmetrically dividing cells. 
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In fact, the model enables prediction of the generation’s structure of a clonally expanding 

population as a function of time. The number of time series data available for analysis allows 

one to reliably estimate key integrative parameters of the T cell performance – the generation 

dependent population doubling time (
i

i α
τ

1
+ ), and the number of dead cells in every 

generation normalized by the initial size of the population in the assay 0

84

0

)(

N

dttN R
ii∫ β

, where 

)(tN R
i  is the function describing the size of the T cell population of the i-th generations 

subject to death. The total number of generations over 84 hours does not exceed 7 (I=7).  It 

should be noted that the in vitro conditions pose a limit on the possibility to observe the 

turnover of successive generations of T cells in a setting resembling physiological conditions. 

Firstly, the earlier and massive division of cells results in an exhaustion of the growth factors 

available for later generations. Therefore, further divisions are likely to take place in a biased 

milieu conditions. Secondly, as the observation time window for higher generations gets 

shorter, the uncertainty in the parameter estimates increases for later divisions starting from 

the third one. The above arguments suggest that for a physiologically consistent and 

mathematically robust characterization of the T cell performance parameters, only the first 

three generations of clonally dividing Rg CD8+ T cells should be considered. 

The parameters of the model were estimated using maximum likelihood approach as 

described elsewhere (Luzyanina et al., 2013). We further used Monte Carlo Markov Chain 

method (Haario et al., 2006) implemented as MCMC toolbox for MATLAB to quantify the 

probability densities, the posterior means and standard deviations of the estimated doubling 

times. Overall, the mathematical model was a key tool for characterizing the proliferative 

performance of T cells in relation to the number of the surface TCRs.  
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Statistical analyses 

All statistical analyses were performed with Prism 4.0 (GraphPad). Data were analyzed with 

the unpaired Student’s t test. A p value of <0.05 was considered significant.  

 

7.4 Results 

 

7.4.1  Polyclonal low avidity CD8+ T cell responses during MHV infection  

 

Following systemic infection with MHV A59 virus, viral replication is largely restricted to 

spleen and liver. Although early viral replication is controlled through hematopoietic cell-

derived type I IFN (Cervantes-Barragan et al., 2009), elevated serum alanine 

aminotransferase (ALT) levels, which reflect the degree of virus-induced hepatitis, become 

evident at day 3 post infection and reach maximal levels at day 5 (Eriksson et al., 2008). 

CD8+ T cells are indispensable for elimination of the virus and hence secure survival of the 

host as shown by the fact that mice lacking CD8+ T cells succumb to MHV infection (Fig. 

18a). Maximal expansion of CD8+ T cells directed against the immunodominant s598 epitope 

is reached at day 8 post infection with approximately 7% of tetramer H2-Kd/s598-binding 

cells (Fig. 18b). Following ex vivo stimulation, s598-specific cells produced IFN-γ (Fig. 18c) 

and had upregulated the degranulation marker Lamp-1 (not shown). To determine the 

functional avidity of the s598-specific CD8+ T cell population, IFN-γ production in response to 

graded s598 concentrations was examined. As shown in Fig. 18d, half-maximal IFN-γ 

production (EC50, 50% effective concentration) was at 7.8x10-6 M (Fig. 18e), indicating that 

endogenous polyclonal CD8+ T cells directed against the MHV spike protein exhibit a rather 

low functional avidity. 
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Figure 18. Endogenous CD8+ T cell responses during MHV infection. 

a) Survival rates of B6, RAG1-deficient and β2m-deficient mice intraperitoneally infected with 

MHV A59 (n=5 mice per group). b)-c) Antiviral B6 CD8+ T response in liver at day 8 post 

infection as determined by b) H2-Kd/s598 tetramer analyzes and c) intracellular staining 

(ICS) for s598 responsive IFN-γ producing CD8+ T cells. Values in the upper right quadrant 

indicate mean percentage±SEM of CD8+ T cell population derived from 2 independent 

experiments n=6 mice.  

d) Half-maximal IFN-γ production (EC50) of s598-specific CD8+ T cells from liver at day 8 

post infection. Pooled data from two independent experiments, n=6 mice. 

 

7.4.2 Generation of s598-specific TCR retrogenic CD8+ T cells 

 

To assess whether and to which extent TCR expression levels affect T cell behavior, we 

utilized retrogenic (Rg) TCR technology (Bettini et al., 2012). Starting from the sequence 

information obtained from the monoclonal hybridoma population expressing the rearranged 

s598 epitope-specific Vα2Jα7/Vβ16Jβ2-1 TCR (nomenclature according to Wilson et al.), a 

suitable construct for retroviral expression was designed. A P2A linker (de Felipe et al., 

1999) was utilized to secure equimolar expression of the β and α TCR chains in a 

myeloproliferative sarcoma virus (MPSV)-based vector (Engels et al., 2003). Retrogenic T 

cells showed stable expression of the TCR with up to 99% of CD8+ T cells being Vα2+ (Fig. 
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19a), CD3+ (Fig. 19b) and CD4– (Fig. 19c). Importantly, TCR retrogenic CD8+ T cells bound 

the H2-Kd/s598 tetramer (Fig. 19d) and showed rapid proliferation in response to s598 

peptide-presenting DCs (Fig. 19e). Likewise, the engineered CD8+ T cells proliferated 

vigorously following adoptive transfer into virus-infected mice (Fig. 17f and g). Importantly, 

TCR retrogenic cells differentiated into IFN-γ-producing effector T cells in vivo (Fig. 19h), 

exhibiting low functional avidity with an EC50 of 4.4x10-6 M (Fig. 19i). Despite their low 

functional avidity, the adoptively transferred cells displayed the profile of highly active effector 

T cells with simultaneous production of IFN-γ and the expression of the degranulation marker 

Lamp-1 (Fig 19j). Taken together, s598-specific Rg CD8+ T cells show almost identical 

functional avidity and poly-functionality pattern as the polyclonal s598-specific CD8+ T cell 

population that arises during MHV infection.  
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Figure 19. Characteristics of retrogenic s598-specific CD8+ T cells. 

a) Expression of Vα2 chain of the specific TCR, b) expression of CD3, c) lack of CD4+T cells 

in retrogenic mice d) tetramer H2-Kd/s598 binding profile of CD8+T cells. The values in the 

upper right quadrants indicate the percentage of CD8+ T cells with the respective markers. 

(n=10 mice). e) CFSE-labeled retrogenic splenocytes were incubated with DCs loaded with 

indicated concentrations of s598 peptide (black lines) or left untreated (gray shaded lines) 

and proliferative response was determined by CFSE dilution at 72 h of incubation. f) and g) 

CFSE-labeled, Ly5.1+ s598-specific retrogenic cells were adoptively transferred into B6 mice. 

One day after the transfer the recipient mice were i.p. infected with MHV A59 or left 

untreated. At indicated time points post infection livers of recipient mice were analyzed to 

determine the f) accumulation and g) CFSE dilution profile of the adoptively transferred s598-
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specific retrogenic cells (black lines - infected mice, gray shaded lines - uninfected controls). 

The values in plots represent the mean percentage±SEM of f) CD8+ T cells or g) Ly 5.1+CD8+ 

T cell, n=3 mice. h)-j) Ly5.1+ retrogenic cells were adoptively transferred into B6 mice 

subsequently infected with MHV. 8 days upon the infection h) IFN-γ production of adoptively 

transferred retrogenic cells retrieved from livers was estimated upon stimulation with 

indicated amounts of s598 peptide. The values indicate the mean percentage±SEM of Ly5.1+ 

CD8+ T cells. Data are pooled from two independent experiments, n=6. i) Half-maximal IFN-γ 

production (EC50) of Ly5.1+ CD8+ T cells from liver at day 8 post infection e) Simultaneous 

production of INF-γ and expression of degranulation marker by in vitro restimulated Ly5.1+ 

CD8+ T cells from liver day 8 post infection. The values in the upper right quadrant indicate 

the mean percentage±SEM, n=3 mice. 

 

7.4.3 Tunable expression of the s598-specific TCR  

 

To modulate TCR signal strength, we created Rg mice with T cells expressing different 

number of TCRs varying the concentration of retroviral supernatant during stem cell 

transduction with both the natural Vα2Jα7/Vβ16Jβ2-1 TCR and the codon-optimized variant 

(Scholten et al., 2006). Through this approach, we could obtain four distinct expression 

densities termed low (Fig. 20a) and intermediate (Fig. 20b) for the natural TCR and high (Fig. 

20c) and xhigh (Fig. 20d) for the codon-optimized version. It is interesting to note that the 

optimized retrogenic TCR generated at standard conditions resembled the expression 

pattern observed with the transgenic TCR suggesting that the TCR density of the “high” TCR 

density group (Fig. 20c) represent a physiological optimum. Importantly, molecular 

optimization of the TCR together with high-efficacy stem cell transduction could further 

increase the TCR density (Fig. 20d) with more than 20,000 TCR molecules per cell (Fig. 

20e). Noteworthy, xhigh TCR density cells showed substantially higher Vα2 expression and 

H2-Kd/s598 tetramer binding compared to the high TCR density group (Fig. 20d). Moreover, 

quantification of TCR density by enumeration of surface-expressed Vα2 molecules revealed 

a strong correlation of these values with H2-Kd/s598 tetramer binding (Fig. 20e) and clearly 



  Results 

 113 

distinct TCR expression pattern of the four groups. Thus, the Rg system facilitated tunable 

expression of the TCR on the surface of CD8+ T cells. 

 

 

Figure 20. Tunable expression of s598-specific TCR. 

Groups of retrogenic mice expressing different levels of s598-specific TCR were generated 

using a), b) natural sequence of s598 epitope-specific Vα2Jα7/Vβ16Jβ2-1 TCR; or c), d) 

codon-optimized sequence. Variations in the concentration of viral particles applied during 

the transduction process was used to obtain CD8+ T cell with a) low, b) intermediate, c) high 

and d) xhigh levels of Vα2 chain expression (upper plots) and tetramer H2-Kd/s598 binding 

profile (lower plots), assessed from the blood. The upper numbers in the upper right quadrant 

indicate percentage of H2-Kd/s598 binding of CD8+ T cells (upper plots) and percentage of 

Vα2+ of CD8+ T cells (lower plots). The lower numbers in the upper right quadrant indicate 

median florescence intensity of H2-Kd/s598 binding (upper plots) and the mean florescence 

intensity of Vα2+ on CD8+ T cells. The plots are representative of at least 3 independent 

experiments. The absolute numbers of TCRs expressed on the surface of retrogenic T cells 
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and H2-Kd/s598 binding profile were determined from splenocytes of all four groups. e) 

Correlation between the numbers of expressed TCRs and H2-Kd/s598 binding profile (black 

dots-low, white dots-intermediate, gray dots-high and red dots xhigh TCR density group).  
 

7.4.4 TCR density determines T cell activation threshold  

 

To assess how tuned TCR expression on virus-specific T cells affects their activation, we 

performed in vitro proliferation assays using CFSE-labeled splenic Rg CD8+ T cells 

stimulated with peptide-loaded DCs. The peptide dose of 10-5 M was used to pulse DCs 

because this concentration is almost exactly equal to the EC50 (IFN-γ) of both endogenous 

and retrogenic s598-specific T cells (Fig. 18d and 19i). As expected “low” TCR Rg T cells 

failed to respond and did not show dilution of the dye (Fig. 21a). Both “intermediate” (Fig. 

21b) and TCR optimized “high” (Fig. 21c) Rg T cells had initiated proliferation after 36 h and 

showed a regular division pattern. Interestingly, Rg cells in the “xhigh” group showed a highly 

synchronized CFSE dilution pattern within the first 48 h, i.e. with a single division of all cells 

(Fig. 21d). Moreover, within the next 48 h “xhigh” T cells underwent only one more round of 

division (Fig. 21d) suggesting that a shift of TCR density above a second threshold of ~ 

20,000 molecules per cell profoundly alters their response pattern. Indeed, whereas death of 

“intermediate” and “high” TCR Rg T cells could be observed in the cultures, lymphocyte 

death in the cultures with “xhigh” T cells was not detectable (not shown). These data suggest 

that the effect of TCR density on T cell performance follows a strictly biphasic function with 

lack of responsiveness below a certain threshold of TCR expression, full activation in a 

certain range of TCR density and an altered functional mode above a second threshold. 
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Figure 21. TCR expression levels critically determine CD8+ T cell activation threshold 

and intensity of the proliferative response. 

The influence of the tuned s598-specifc TCR expression on the behavior of retrogenic CD8+ 

T cells was determined using in vitro proliferation assay. CFSE-labeled splenocytes derived 

from spleens of retrogenic mice from each of four TCR density groups were incubated with 

DCs loaded with 10-5 M of s598 peptide or left untreated. Proliferative response of retrogenic 

cells was determined by CFSE dilution. Representative plots show CFSE dilution prolife of a) 

low, b) intermediate, c) high and d) xhigh cells determined after indicated times of incubation 

with DCs loaded with peptide (black lines) or left untreated (gray shaded lines). The results 

are representative of at least three independent experiments.  
 

7.4.5 Modeling TCR density-dependent CD8+ T cell behavior 

 

The processes involved in T cell activation, differentiation and decay are highly complex and 

involve a plethora of molecules on the surface and within the T cell (Chen and Flies, 2013; 

Brownlie and Zamoyska, 2013; Acuto et al., 2008; Smith-Garvin et al., 2009). To further 

analyze the behavior of Rg T cells in dependence of their surface TCR density, we resorted 

to a recently developed mathematical model that facilitates the extraction of essential T cell 

performance parameters from CFSE dilution data (Luzyanina et al., 2013; Bocharov et al., 
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2013). The model permits resolution of T cell performance in terms of the population 

doubling time, death intensity and asymmetry of cell division (Fig. 22a). The model correctly 

describes the behavior “low” TCR Rg T cells as a lack of proliferation and constant decay of 

cell number (Fig. 22b). The predicted generation structure of both “intermediate” (Fig. 22c) 

and “high” TCR density Rg T cells (Fig. 22d) reveals the balance of proliferation, loss of cells 

in one generation due to transition into the next generation and loss of cells due to cell death. 

Moreover, the model correctly reflects the slower onset of proliferation of “intermediate” (Fig. 

22c) compared to “high” TCR density cells (Fig. 22d). Likewise, “xhigh” cells showed a fast 

onset of proliferation (Fig. 22e) which is reflected in a lower doubling time of the first round of 

division (Fig. 22f). Interestingly, “xhigh” cells maintained a rather slow doubling time whereas 

both “intermediate” and “high” cells showed fast proliferation cycles after the first division 

(Fig. 22f). Moreover, the model predicts increasing death rates for both “intermediate” and 

“high” TCR density cells after the second division, i.e. in the 3rd and 4th generation (Fig. 22f). 

The steady accumulation of the slowly proliferating “xhigh” cells (data points in Fig. 22f) is 

explained by the very low death rates during the observation period (Fig. 22g). Thus, the 

mathematical model confirms the biphasic response pattern of retrogenic CD8+ T cells with a 

lower activation threshold for full activation and differentiation and an upper threshold that 

results in an altered proliferation and decay pattern.  
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Figure 22. Model-based analysis of TCR-density-dependent CD8+ T cell performance. 

a) Schematic representation of the biological processes considered in the model. The model 

discriminates cells by the number of completed divisions and the CFSE fluorescence 

intensity. Shown are the cell distributions in generations “i” and “i+1” that completed “i-1” and 

“i” division cycles, respectively. Cells are considered to be either in a resting state (G0-

phase), or progressing through the cell cycle (G1-S-G2-M phases). Activated cells from the 

generation “i” will start the division and make the transition from G0 to G1 with the activation 

rate and cell cycle duration as generation-specific parameters. Upon finalization of the G2 

phase the cells will divide by an asymmetric division resulting in the generation of two 

daughter cells that contain different amount of CFSE-labeled proteins. The model considers 

that cells undergo apoptosis at generation-dependent death rate (β1). The natural 

degradation of CFSE is taken into account and is characterized by the decay rate constant 

(k). b) - e) Kinetics of the generation structure of proliferating b) low, c) intermediate, d) high 

and e) xhigh TCR density groups of s598-specific retrogenic CD8+ T cells. Open symbols 
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represent the experimental results of the clonal expansion of proliferating retrogenic CD8+ T 

cells determined at the indicated time points. Solid black lines indicate the best-fit solution of 

the mathematical model. The cell cohords belonging to different generations are shown by 

color lines (blue – naïve, green – divided once, red – divided twice, light blue – divided three 

times, violet – four times, yellow – five times, respectively). The clonal expansion of cells is 

characterized by the expansion factor obtained by dividing the population size determined at 

the given time points by the numbers of cells determined at the start of the assay. f) Doubling 

times (duration of the cell cycle, from activation until cell division) calculated for the first three 

generations of intermediate (black dashed lines), high (gray dashed line) and xhigh (red 

dashed line) TCR density groups of retrogenic cells. The doubling time of the cells with a low 

TCR density is beyond the observation window and is, therefore, not shown.  

g) The extent of death calculated for the first four generations of proliferating retrogenic cells 

with low (black bars), intermediate (white bars), high (gray bars) and xhigh (black bars) TCR 

densities. The bars characterize the number of cells that died during 84 hours of the assay in 

the respective generation divided by the initial T cell population size.  

 

7.4.6 In vivo protective capacity TCR retrogenic CD8+ T cells 

 

To assess the antiviral potential of s598-specific CD8+ T cells, we adoptively transferred Rg 

CD8+ T cells into B6 mice and subsequently infected the mice with MHV A59. Viral 

replication and distribution and virus-induced liver pathology was determined on days 3 and 

5 post infection. As expected, mice that had received “low” TCR cells showed ALT values 

comparable to control animals (Fig. 23a and b) and had failed to reduce viral titers (Fig. 23c 

and d). Antiviral CD8+ T cells equipped with TCRs at “intermediate” or “high” levels 

significantly reduced liver pathology (Fig. 23a and b) and fostered faster clearance of the 

virus (Fig. 23c and d). Strikingly, “xhigh” CD8+ T cells not only failed to reduce viral titers (Fig. 

23c and d), but even exacerbated liver inflammation on day 3 post infection (Fig. 23a). These 

findings confirm the notion that the expression of the TCRs above a certain threshold 

ensures full functionality of CD8+ T cells, even in vivo. Moreover, these data reveal that 

supra-physiological levels of TCR expression profoundly alters T cell function and can even 
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lead to adverse consequences for the host if such engineered cells are utilized in an adoptive 

transfer setting.  

 

 

Figure 23. In vivo protective capacity of TCR retrogenic CD8+ T cells. 

Protective capacity of four groups of retrogenic cells with different TCR expression levels 

was estimated in the settings of adoptive transfer. Each of four TCR density groups of 

retrogenic splenocytes was transferred into separate group of B6 mice, while one group of 

B6 mice was left untreated. One day after the transfer all five groups of B6 mice were 

infected intraperitoneally with MHV A59. Serum levels of alanine aminotransferase (ALTs) 

were determined on a) day 3 and b) day 5 post infection. The data represent the mean 

values±SEM obtained from at least two independent experiments. Adoptively transferred 

groups n=6, control group n=12. Viral titers in liver were determined on c) day 3 and d) day 5 

post infection. Data indicate mean of log transformed values±SEM from at least two 

independent experiments. Day 3- high, xhigh and control group n=6, low and intermediate 

groups, n=4. Day 5 – adoptively transferred groups n=6, control group n=12. Statistic 

analysis was performed using Student’s t test (*,p<0.05,**,p<0.01,***, p<0.001; n.s., not 

significant). 
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7.5 Discussion 

 

Timely activation and optimal maintenance of antiviral and antitumor CD8+ T cells are crucial 

elements to ensure successful eradication of infected or altered cells. While redirecting T cell 

specificity by TCR gene transfer usually guarantees that redirected cell will inherit both 

specificity (Clay et al., 1999; Morgan et al., 2003; Zhao et al., 2005) and functional avidity 

(Wilde et al., 2009; Johnson et al., 2006) determined by the TCR structure, other factors 

influencing T cell avidity may come into play and affect the performance of engineered T 

cells. One of the most frequent problems in ATT that has constrained its fast progression and 

introduction into routine clinical procedures is the stable expression of the TCR on the 

surface of T cells (Uckert and Schumacher, 2009; Kieback and Uckert, 2010; Thomas et al., 

2010). To better understand the consequences of different TCR expression levels on the 

activation and in vivo function of CD8+ T cells, we have cloned a TCR specific for the mouse 

coronavirus MHV and expressed the heterodimer as retrogenic TCR at different densities. 

This novel approach provides a constant structural affinity of the TCR, but permits tunable 

avidity of CD8+ T cells.  

 The complex data sets generated with CD8+ T cells expressing the Rg TCR at four different 

levels were analyzed using a novel mathematical model of CFSE dilution (Luzyanina et al., 

2013; Bocharov et al., 2013). The model predicts that both early activation and survival of 

antiviral CD8+ T cells rely on the signaling strength received through the TCRs.  Furthermore, 

adoptive transfer experiments demonstrated a clear dependence of the in vivo protective 

capacity of antiviral CD8+ T cells on TCR numbers. While transfer of cells expressing TCR 

numbers at physiological levels provided best protection against virus-induced pathology, 

further increase in TCR expression levels had the opposite effect leading to uncontrolled viral 

replication in the liver and elevated liver disease.  

It has been suggested that only high avidity CD8+ T cell can efficiently contribute to control of 

tumors and viruses (Alexander-Miller et al., 1996; Stone et al., 2009). The ability of these 
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cells to sense low levels of pMHC complexes on the surface of APCs allows for earlier 

activation during immune response which together with the rapid kinetics of target cell lysis 

(Derby et al., 2001) allows high avidity T cells swift and successful eradication of infected or 

altered cells. Additionally, high avidity CD8+ T cells exhibit a broader cytokine profile (La 

Gruta et al., 2004) which correlates with a higher potency to eradicate infected cells. 

Interestingly, the functional avidity of s598-specific CD8+ T cells, a value that is often taken 

as a proxy for the overall avidity of T cells, is rather low. Nevertheless, these cells respond 

fast and efficiently following encounter with their cognate peptide presented by DCs, both in 

vitro and in vivo. Moreover, the ability of adoptively transferred Rg CD8+ T cells to produce 

several cytokines simultaneously most likely contributed to the capacity to dramatically 

reduce viral titers and virus-induced pathology. Hence, in contrast to the frequently assumed 

need for high avidity T cells in the defense against viruses, also low avidity T cells can 

efficiently contain a viral infection. It would be interesting to perform more comprehensive 

analysis to assess to which extent low avidity T cells participate in the defense against 

murine coronavirus and other natural mouse pathogens. Such studies would have important 

consequences for the design of vaccination and ATT approaches. 

Clinical application of TCR gene-modified hematopoietic stem cells (HSC)-derived T cells still 

awaits safety approval (Hacein-Bey-Abina et al., 2003; Ott et al., 2006). However, retrogenic 

or TCR-engineered HSC-transplanted mice already provided not only important insight into T 

cell biology (Day et al., 2011; Bartok et al., 2010; Alli et al., 2008), but facilitated proof-of-

principle studies in valuable pre-clinical models (Stärck et al., 2014; Spranger et al., 2012). 

Moreover, combining molecular strategies to improve TCR expression such as TCR 

sequence optimization and disulfide bond addition (Cohen et al., 2007) were introduced as 

technologies to further optimize TCR expression. Here, we utilized these latter methods 

together with well-adjusted variations in the transduction of HSC to achieve defined levels in 

TCR surface expression, i.e. covering the range from sub-optimal to supra-physiological TCR 

levels. We found that the combination of the tetramer-binding profile with TCR numbers 

provided the basis of a clear distinction of four different groups. Since tetramer-binding is 
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primarily dependent on the TCR-pMHC affinity and CD8 co-receptor expression (Stone et al., 

2009), the observed differences in the percentage and MFI of cells binding H2-Kd/s598 

tetramer are clearly the result of different TCR expression levels. Hence, our finding that 

enhanced TCR expression results in faster activation of virus-specific CD8+ T cells, is very 

well in line with the previous reports trying to correlate TCR expression levels with changes 

in T cell responsiveness (Schodin et al., 1996; Labrecque et al., 2001; Blichfeldt et al., 1996). 

Indeed, it has been described that particular thresholds of TCR expression have to be 

reached to facilitate T cell activation. Nevertheless, different experimental approaches 

revealed different TCR threshold levels, e.g. 6000 TCRs were required for activation of T cell 

clones (Viola and Lanzavecchia, 1996) while only 1000 TCRs per cell appeared to be 

required in an in vivo model of T cell activation (Labrecque et al., 2001). It might well be that 

the variation in this lower TCR threshold is due to the fact that T cells expressing different 

TCRs have been analyzed in these studies. Indeed, the affinity of the TCR for pMHC 

determines how many TCR molecules have to be expressed by a T cell to reach the 

activation threshold (Schodin et al., 1996). The threshold number of TCRs needed for T cell 

activation in our experimental system is ~5000 TCRs, i.e. a value that falls within the 

previously described range of TCR expression levels required for activation (Viola and 

Lanzavecchia, 1996; Labrecque et al., 2001; Schodin et al., 1996).  

Importantly, tuning of T cell performance by up-scaling TCR numbers from intermediate to 

high led to faster activation and moderately higher overall expansion. However, such tuned 

TCR levels did not provide a significantly improved in vivo protection, at least in the chosen 

test. It would be worth to assess the protective function of TCR tuned T cells under more 

demanding assay conditions. Nevertheless, the experiments presented here revealed a 

certain higher threshold level of TCR expression that precipitates profoundly altered T cell 

behavior. 

Supra-physiological levels of TCRs on the surface of T cells (xhigh) mediated highly 

synchronized proliferation during the interaction with DCs, reduced cell death and constant 

expansion of the cell population in vivo. Importantly, xhigh cells failed to protect mice from 
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viral challenge. It is possible that too high TCR expression results in altered cell cycle 

regulation. Indeed, Yoon et al. (Yoon et al., 2010) have showed that T cells receiving strong 

stimuli can significantly shorten cell cycle times by reducing the time cells spends in G1 

phase. Moreover, faster progression through cell cycle may restrict the time needed for the 

cells to undergo DNA repair and therefore result in clonal progeny with higher incidence of 

mutations and chromosomal instabilities (Aoki et al., 2003). In addition, dysregulation of cell 

cycle progression may be coupled with altered apoptosis as predicted by our mathematical 

model. Future work will show whether cell cycle dysregulation and/or changes in cellular 

death pathways are involved in the altered T cell behavior observed in xhigh cells.  

A second possible scenario for the lack of protection by xhigh cells is the rapid emergence of 

escape variants in the presence of these cells. Indeed, the genomic region coding for the 

spike protein has previously been described as prone to deletions and single-base mutations 

(Banner et al., 1990; Castro and Perlman, 1995; Rowe et al., 1997). Other MHV strains such 

as JHM have been shown to escape from CD8+ T cell recognition under high selection 

pressure on an immunodominant epitope (Pewe et al., 1997, 1996).  

In conclusion, the rheostat function of the TCR for T cell activation is – in part – determined 

by two distinct density thresholds. While the first threshold defines the lowest signal strength 

needed for activation of T cells to occur, the second threshold defines an upper limit of 

efficient T cell activation and function. Importantly, it appears that the range of TCR densities 

that permit efficient activation is rather broad and that TCR optimization should avoid 

overtuning which might result in aberrant T cell behavior.  
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8 Discussion 

 

8.1 Selecting an appropriate system to study T cell biology 

 

 Characterization and usage of clonotypic TCRs facilitate high-resolution studies of 

pathogen-specific T cell responses. In this work, a MHC I-restricted TCR specific for mouse 

hepatitis virus (MHV) has been characterized. The cloned TCR has been analyzed in two 

alternative experimental systems, thereby providing the opportunity to study different aspects 

of T cell biology. Different TCR expression systems were selected according to the needs of 

the respective experimental questions. Stable incorporation of the TCR into the genome of 

transgenic mice provided a source of identical cells that were used to study the migratory 

and functional properties of virus-specific T cells during virus-induced neuroinflammation. 

Pathogen-specific, TCR transgenic T cells have been widely used to assess the role of T 

cells in various infection models (Oxenius et al., 1998; Torti et al., 2011; Roth and Pircher, 

2004; Mueller et al., 2003). However, the laborious and time-consuming procedure of TCR 

transgenesis is not well suited, for example, to investigate the elements that determine TCR 

signaling. Retrogenic mice represent a more flexible system that allows rapid introduction of 

defined alterations and hence fast analysis of multiple variables in TCR behavior (Bettini et 

al., 2012; Liu et al., 2009; Day et al., 2011; Arnold et al., 2004). Utilizing retrovirus-mediated 

gene transfer and combining this approach with genetic TCR optimization, we created a 

system with tunable TCR expression covering a broad range from suboptimal to 

supraphysiological TCR signaling. Application of this system allowed for comprehensive 

analyzes of the functional consequences of graded TCR expression on in vitro and in vivo 

performance of MHV-specific CD8+ T cells.  
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8.2 Underestimated efficacy of low avidity CD8+ T cells 

 

The sequence of the TCR dictates the affinity of this molecule for the peptide-MHC complex 

and in large determines the responsiveness of the T cell bearing the particular TCR (Wilde et 

al., 2009; Johnson et al., 2006). However, the performance of the T cell can be strongly 

influenced by other elements involved in T cell signaling such as expression levels of co-

receptors, co-stimulatory and co-inhibitory molecules and as shown here, the level of TCR 

expression. The functional analysis of s598-specifc CD8+ T cells, either polyclonal, TCR 

transgenic or retrogenic, revealed that a rather high concentration (at least 10-6 M) of peptide 

is needed to activate the cells. Since this threshold has been confirmed using different 

functional readouts such vitro proliferation and ex vivo cytokine secretion assays, it is 

reasonable to conclude that the cloned s598-specific TCR exhibits a low functional avidity 

when the TCR is expressed at physiological levels.  

It is noteworthy that we have not performed any of the measurements that would determine 

the true affinity of the TCR for the pMHC complex (e.g. dissociation constant KD 

measurements, tetramer dissociation rate - Koff, or surface plasmon resonance). Hence, we 

cannot definitely conclude that the TCR is of low affinity, although the functional analysis 

performed here strongly suggests that. The fact that the affinity of peptide binding to MHC 

complex significantly influences the strength of TCR binding to the peptide-MHC complex 

(Stone et al., 2009) indicates that the high peptide concentration needed for s598-specific 

cells activation is the consequence of the low-affinity binding of the peptide to MHC complex. 

Clearly, it will be interesting to further explore the basic properties of the TCR-S–s598/H2-Kb 

interactions.  

Although, it is broadly accepted in the field that immune responses against pathogens are 

dominated by high avidity T cells (Alexander-Miller et al., 1996), recent findings have 

revealed a previously unappreciated role of low avidity CD8+ T cells in pathogen elimination 

(Zehn and Bevan, 2006; Zehn et al., 2009). One reason for the “ignorance” of low avidity T 
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cell responses is the fact that these cells can be outnumbered by high avidity T cell clones in 

particular experimental systems (Kunert et al., 2013) and therefore hidden from detection. 

Therefore, higher magnification analysis, i.e. utilizing higher numbers of TCR transgenic or 

retrogenic T cells, can permit assessment of low avidity T cell function during antiviral 

immune responses. Our observation that low avidity CD8+ T cells can efficiently migrate to 

the infected tissue at early time points after infection and produce wide range of antiviral 

effector molecules indicates that low avidity CD8+ T cells actively contribute to the elimination 

of viruses from tissues. Moreover, recent findings indicate that low avidity CD8+ T cells 

specific for tumor-derived epitopes are capable of destroying cancer cells in vivo (Boon et al., 

2006; Rosenberg et al, 2008). Thus, if both low avidity and high avidity T cells are able to 

protect the host from viral infection and eliminate tumor cells, the question arises which 

factors determine whether low or high avidity T cells will be recruited into a particular immune 

response. 

Here, we demonstrate that during virus-induced neuroinflammation, low avidity CD8+ T cells 

can exhibit a crucial function in controlling viral replication within the CNS. The high 

frequency of Spiky cells within the CNS during MHV infection suggests that the overall 

efficacy of low avidity CD8+ T cells is regulated through their abundance in the tissues. 

Highly abundant CD8+ effector T cells that recognize their target cells only when high 

amounts of peptide is presented can guarantee coverage of large areas of infected tissue 

and a rather high specificity. The ability to destroy only those cells that express the viral 

peptide at high concentrations may facilitate the distinction of infected cells from non-infected 

cells that had acquired peptides through cross-presentation (Kurts et al., 2001) or cross-

dressing (Wakim and Bevan, 2011). In sum, we believe that low avidity CD8+ effector T cells 

permit viral clearance from infected tissues and help to reduce immunopathological damage 

of fragile tissues such as the CNS. 
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8.3 CCR7 ligands control CD8+ T cells during CNS inflammation 

 

Immune homeostasis, i.e. the balance between effective surveillance and minimal immune 

damage, is prerequisite for proper functioning of the neuronal system. Maintenance of this 

homeostasis is achieved through distinct barriers in the CNS vascular tree that control 

trafficking of molecules and cells in and out of the brain (Owens et al., 2008; Galea et al., 

2007). Immune cells can only transit into the CNS when specific molecular keys are 

presented. Hence, cytotoxic T cells as mediators of antiviral immunity in the brain should 

follow particular rules to allow eradication of infected cells, while avoiding damage of 

neuronal tissue (Moseman and McGavern, 2013). Indeed, the failure to control CD8+ T cell 

influx into and their function within the CNS can cause serious diseases as shown for CNS 

infection with Borna disease virus and LCMV (Bizler and Stitz, 1994; Kim et al., 2009). 

Moreover, autoreactive CD8+ T cells which may be involved in CNS diseases such as 

multiple sclerosis (MS) (Skulina et al., 2004; Huseby et al., 2001; Killestein et al., 2003) might 

have escaped from thorough control. Hence, it is important to understand the mechanisms 

that regulate the recruitment of CD8+ T cells to CNS tissue and to assess their function.  

In order to investigate recruitment of cytotoxic T cells to virus-infected tissues, we used the 

transgenic Spiky cells. Following intranasal inoculation, MHV infects olfactory cells in the 

nasal mucosa and migrates along olfactory neurons to reach the brain (Barnett and Perlman, 

1993). Infection with GFP-labeled MHV virus allowed us to identify neurons and glial cells as 

the major cellular targets of viral replication. Eradication of MHV-infected cells is 

predominantly achieved through the action of cytotoxic T cells (Bergmann et al., 2003). The 

activation of virus specific CD8+ T cell takes place in cervical lymph nodes (cLNs) that 

receive CNS-derived antigens through CSF and CNS-derived interstitial fluid. We found that 

transgenic Spiky cells were activated in the cLNs only after a lag phase of approximately 3 

days. Importantly, only 24 h later, the first activated Spiky cells had immigrated to the MHV-

infected brain. While the mediators of initial interactions between activated T cells and the 
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inflamed CNS endothelium such as PSGL-1 and P-selectin have been described extensively 

(Kerfoot and Kubes, 2002; Piccio et al., 2002; Battistini et al., 2003) the impact of G-protein 

coupled receptor and constitutive chemokines involved in the activation of integrin molecules 

had not been fully clarified.  

First indications of the involvement of the constitutive chemokines CCL19 and CCL21 in the 

regulation of T cell trafficking to the brain came from several studies demonstrating the 

presence of these chemokines in and around inflamed blood vessels (Krumbholz et al., 

2007; Pashenkov et al., 2003). Moreover, abrogation of CCR7 axis during infection with the 

brain-invading parasite Toxoplasma gondii exacerbated CNS inflammation (Noor et al., 

2010). Importantly, the finding of Buonamici and colleagues that T-cell acute lymphoblastic 

leukemia cells are highly dependent on the CCR7 axis for their entry to the CNS (Buonamici 

et al., 2009) suggests that CCR7-dependent entry to the CNS is broad pathway exploited by 

different cells.  

Our study shows that CCR7 and its ligands critically regulate activation and recruitment of 

CD8+ T cell to the virus-infected CNS. Importantly, our experiments comparing the immune 

responses of MHV-infected CCR7 and plt/plt mice revealed that expression of a CCR7 ligand 

within the CNS is sufficient to secure protection against otherwise lethal CNS infection. It 

appears that extra-lymphatic CCL21b not only promotes CD8+ T cell recruitment to the 

infected CNS areas, but also fosters T cell function. It would be of interest, to delineate 

whether and to which extent CCR7 ligands promote local antigen presentation. It is possible 

that the constitutive chemokines contribute to the generation of tertiary lymphoid tissues in 

the CNS (Comerford et al., 2013) which can be observed during chronic CNS inflammation 

(Kuerten et al., 2012).  

From the above, we can conclude that the localization of the cellular sources of CCR7 

ligands within the CNS most likely bears important consequences for T cell behavior. Usage 

of a novel mouse model that targets CCL19-producing cells (Chai et al., 2013) allowed for a 

precise identification of these cells in the MHV infected brains. Our analysis indicated that 

both endothelial cells and perivascular cells are involved in the production of CCL19. 
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However, CCL21 appears to be more dispersed on the surface of cells in the perimeter of the 

inflamed blood vessel and produced by a broader range of cells including microglia. 

Phenotypic characterization of the fibroblastic cells involved in production of CCR7 ligands 

revealed that these cells show features of fibroblastic reticular cells (FRC) of secondary 

lymphoid organs. Indeed, the appearance of ERTR7+ stromal cells in the brains of infected 

animals has been previously described in the cases of CNS restricted infections with LCMV 

(Kim et al., 2009) and Toxoplasma gondii (Wilson et al., 2009). Importantly, distribution of 

ERTR7+ cells reported by these two studies is comparable to the cellular location observed in 

our study. Interestingly, parasite- or virus-specific CD8+ T cells are frequently found in close 

vicinity to activated fibroblastic stromal cells in the brain (Kim et al., 2009; Wilson et al., 

2009). These findings suggest that activated fibroblastic stromal cells in the brain could be 

responsible for generating chemokine coated reticular networks that provide a physical 

scaffold and motogenic signals for T cells migration (Worbs et al., 2007). This notion is 

strongly supported by our finding that ERTR7+/podoplanin+ cells are indeed coated with 

CCL21 and - at the same time - are involved in the production of this chemokine. 

Collectively, these studies reveal that under pathogenic conditions, reticular stromal cells of 

the brain start to produce CCR7 ligands and actively participate in the recruitment of T cells 

to the endangered tissue. The finding that CCL19 and, to the lesser extent, CCL21 are 

upregulated in patients suffering from MS (Krumbholz et al., 2007) opens the possibility that 

a similar stromal cell network could be established in the course of this disease, fostering the 

accumulation of autoimmune T cells in the affected CNS. Targeting these structures might 

open new options for the more successful treatment of such autoimmune disorders.  

Finally, our observation that activated astrocytes produce CCL19 later during the course of 

the infection indicates possible function of these cells in guiding T cells into the CNS 

parenchyma. Since astrocytes build the glia limitans, expression of CCL19 by these cells 

might promote CD8+ T cells recruitment to the neuronal tissue. Furthermore, by regulating 

the dwelling time of CD8+ T cells in the perivascular spaces astrocytes might influence the 

overall signal CD8+ T cells receive during multiple contacts with antigen presenting cells 
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residing within perivascular spaces (Pesic et al., 2013), thereby adjusting their functionality. 

Additionally, CCL19 expression by astrocytes within the parenchyma could be involved in 

positioning of antiviral T cells within virus-infected regions thereby fostering faster eradication 

of the virus.  

Overall, inflammatory stimuli within the immunologically specialized CNS tissue seem to 

utilize similar molecular pathways that operate in the periphery to recruit immune cells to the 

highly vulnerable neuronal tissue. Importantly, accumulating experimental evidence indicates 

a critical role for stromal cells in regulating T cell recruitment and function within the CNS. 

 

8.4 Varying the strength of TCR engagement – implications for 

adoptive T cell therapy 

 

The major aim of adoptive T cells therapy (ATT) is to achieve highly efficient and specific 

destruction of infected or altered cells (June, 2007). Achieving this aim relies on the ability of 

CD8+ T cells to recognize altered or infected cells with high specificity, reach high numbers of 

effector cells through extensive proliferations and persist in the organism for sufficiently long 

time to allow full eradication of target cells. Extensive work has been invested over the years 

to fulfill the safety and efficacy preconditions for successful application of ATT in the clinic. 

One important prerequisite for successful ATT relies in large on the selection of optimal 

TCRs to direct the specificity of the cells to carefully selected epitopes (Linnemann et al., 

2011). Results from preclinical tests and clinical trials clearly show that the successful 

eradication of the target cells depends on the use of TCRs that recognize peptide-MHC with 

high affinity (Morgan et al., 2006; Zeh et al., 1999; Yee et al., 1999). As CD8+ T cells bearing 

high affinity TCRs are able to recognize target cells expressing low numbers of pMHC 

complexes they allow more potent eradication of tumor and virus-infected cells (Stone et al., 

2009). However, tumor antigens are to large extent true self-antigens, therefore mechanism 
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of central tolerance may delete T cells bearing high affinity TCR precluding their identification 

and usage in clinical settings. Hence, affinity maturation of patient-derived TCRs specific for 

tumor-derived epitopes has been employed to improve tumor cell eradication (Stone et al., 

2009). However, while a few studies have shown a benefit for affinity matured TCRs 

(Robbins et al., 2008; Bowerman et al., 2009; Johnson et al., 2009), other indicate decreased 

function (Zhong et al., 2013; Schmid et al., 2010; Hebeisen et al., 2013). Moreover, 

application of T cells equipped with affinity matured TCRs may results in off-target 

destruction leading to fatal consequences (Johnson et al., 2009; Linette et al., 2013; Therapy 

et al., 2013).  

 

However, affinity of the TCR for the pMHC complex is just one of the determinants dictating 

T cell performance. Our study demonstrates that the overall avidity of T cell interaction with 

APCs critically influences T cell functionality and protective capacity. Importantly, we have 

demonstrated that tuning the overall strength of T cell engagement can enhance T cell 

proliferation and allow accumulation of higher numbers of effector T cells. Additionally, by 

setting the optimal level of signaling, we have achieved prolonged survival of effector CD8+ T 

cells. Thus, we have demonstrated that reaching the optimal signal strength has beneficial 

effect on two important factors of protective CD8+ T cell responses – high numbers and 

longevity of effector cells. Combined effect of these two elements finally resulted in highest 

level of protection, indicating the necessity for finely balanced level of signaling to obtain the 

maximal effects. Importantly, in strong agreement with the reports of adverse effects 

resulting from application of extremely high affinity TCRs, we have shown that over-

expression of TCRs leads to aberrant T cell behavior and loss of protective function. While 

the mechanistic basis of T cell dysfunction in these two examples is most likely different, both 

findings indicate that subtle differences in signal strength can turn protective into destructive 

T cell responses. 
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Over the past decade great success has been made in the clinical application of TCR 

redirected ATT. Significant clinical responses have been reported for patients suffering of 

colorectal carcinoma (Parkhurst et al., 2011), metastatic melanoma and synovial sarcoma 

(Robbins et al., 2011). In patients with congenital and acquired immunodeficiency, 

genetically modified T cells have been shown to persist for years in humans following 

adoptive transfer (Blaese et al., 1995; Mitsuyasu et al., 2000). As more and more technical 

problems are been solved, TCR redirected ATT becomes a relevant clinical treatment option 

(Kunert et al., 2013). However, reports of adverse events indicate that our understanding of T 

cell biology is not complete and needs to be frequently reexamined to allow further 

improvement in safety and efficacy of current T cell-based treatment approaches. 
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9.2 Figure legend  
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9.3 Abbreviations 

 

7AAD  Aminoactinomycin D    

ADAP  Adhesion and degranulation promoting adapter protein   

AIRE  Autoimmune regulator     

ALT  Alanine aminotransferase    

Apaf   Apoptotic protease activating factor    

APC   Antigen presenting cell    

ATT  Adoptive T cell therapy    

B6  C57BL/5    

BCR  B cell receptor    

BRS  Basic residue rich sequence    

BSS  Balanced Salt Solution    

CAM  Cell adhesion molecule    

CCL  CC chemokine ligand    

CCR  CC chemokine receptor    

cDNA  Complementary deoxyribonucleic acid    

CDR  Complementary determining region    

CEACAM1a Carcinoembryonic antigen-related cell adhesion molecule    

CFSE  Carboxyfluorescein succinimidyl ester    

CNS  Central nervous system    

CSF  Cerebrospinal fluid    

cTEC  Cortical thymic epithelial cell    

CTL  Cytotoxic T lymphocyte    

CTLA  Cytotoxic T lymphocyte antigen     

CXCR   C-X-C chemokine receptor      

DC  Dendritic cell    
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DMEM  Dulbecco's Modified Eagle's minimal essential medium    

EAE  Experimental autoimmune encephalitis    

EBV  Epstein-Barr Virus    

EC  Endothelial cell     

EDTA  Ethylenediaminetetraacetic acid    

ERGIC  Endoplasmic reticulum Golgi intermediate complex    

ERK  Extracellular signal-regulated kinases    

EYFP  Enhanced Yellow Florescent Protein    

FADD  Fas-Associated protein with Death Domain    

FCS  Fetal calf serum    

FITC  Fluorescein isothiocyanate    

FRC  Fibroblastic Reticular Cells    

GFP  Green fluorescent protein    

GM-CSF Granulocyte-macrophage colony-stimulating factor    

HAT  Hypoxanthine-aminopterin-thymidine     

HCoV   Human Coronavirus    

HEPES  2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid   

HEV  High endothelial venul    

HSC  Hematopoetic stem cells    

ICAM1  Intercellular adhesion molecule 1    

ICOS   Inducible T-cell co-stimulator    

IFN-g   Interferon-g    

IL  Interleukin    

IS  Immunological synapse    

ITAM  immunereceptortyrosin based activation motif    

ITK  Interleukin-2-inducible T-cell kinase    

LAT  Linker for Activation    

LCK  Lymphocyte-specific protein tyrosine kinase    
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LCMV  Lymphocytic choriomeningitis virus    

LFA1  Lymphocyte associated antigen 1    

LN  Lymph node    

MAPK  Mitogen-activated protein kinases     

MART-I Melanoma antigen recognized by T-cells    

MCMV  Murine cytomegalovirus    

Mers-Cov The Middle East respiratory syndrome coronavirus    

MESF   Molecules of equivalent soluble fluorochrome    

MHC  major histocompatibility complex    

MHV  Mouse hepatitis virus    

MMPs  Matrix metalloproteinases    

mRNA  Messenger Ribonucleic acid    

MS  Multiple sclerosis     

mTEC  Medullary thymic epithelial cell    

MTOC  Microtubule-organizing center    

NEAA  Non essential amino acids    

NF-kB  Nuclear factor kappa-light-chain-enhancer of activated B cell  

NFAT  Nuclear factor of activated T-cells    

PAG  Phosphoprotein associated with glycosphingolipid    

PAMP  Pathogen associated molecular pattern    

PBS  Phosphate buffered saline    

PCR  Polymerase chain reaction    

PD-1  Programmed death 1    

PDPN  Podoplanin    

PE  Phycoerythrin    

PEG  Polyethylene Glycol    

PerCP  Peridinin Chlorophyll protein    

pfu  Plaque forming unit    
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PKCq  Protein kinase C theta type    

PMA  Phorbolmyristate acetate    

PNAd  Peripheral-node addressin     

PRR  Pattern recognition receptor    

PSGL1  Platelet selectin glycoprotein ligand     

PTP CD45 Protein tyrosine phosphatases    

PTPN22 Protein tyrosine phosphatase, non-receptor type 22 (lymphoid)  

RAG  Recombination activating gene     

Rg  Retrogenic mice    

RPMI  Roswell Park Memorial Institute medium    

RSS  Recombination signal sequence    

S1P1  Sphingosine-1-phosphate receptor 1    

SARS-CoV Severe acute respiratory syndrome    

SLO  Secondary lymphoid organ    

SLP76  SH2-domain-containing leukocyte protein of 76kDa    

SMAC  Supramolecular adhesion complex    

SRC  proto-oncogene tyrosine-protein kinase      

TBP  TATA-binding protein    

TCR  T cell receptor    

TGF-b  Tumor growth factor b    

TNF  Tumor necrosis factor    

TNFRSF Tumor necrosis factor receptor superfamily    

VCAM  Vascular cell adhesion molecule     

ZAP70  Zeta-chain-associated protein kinase 70
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