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Generall Introduction 

Thee immune system 
Thee human immune system is very adequate in protecting the host against invading 
pathogenss such as bacteria, parasites and viruses. Coordinated actions of different cell 
typess and mediators ensure that infections are controlled within a few days. In general, 
individualss will only suffer from serious disease when they are in some way 
immunodeficientt or when they are faced with infections caused by highly virulent 
pathogens. . 
Withinn the immune system, the innate and the adaptive immune system are discerned. 
Thee innate immune system provides the first line of defense against infections. This is a 
veryy fast response and helps to direct the subsequent actions of the adaptive immune 
system1.. The adaptive immune system has a lag phase of a few days before the initial 
responsee is effective, but the actions are highly specific, leading to a more efficient way 
off elimination of pathogens. Moreover, the adaptive immune system provides increased 
protectionn against re-infection with the same pathogen later in life, the so called 
immunologicall memory. 

Lymphocytess of the adaptive immune system 
BB cells mature in the bone marrow and expresss surface immunoglobulins with which 
theyy can bind specific antigen. Upon activation, B cells will differentiate into either 
memoryy B cells or plasma cells. The latter are able to secrete antibodies which can 
causee the neutralization or contribute to the elimination of extracellular microorganisms. 
Thiss is called the humoral immune response. 
y55 T cells constitute only 1-5% of the lymphocytes in peripheral blood but can comprise 
upp to 50% of T cells in epithelial-rich tissues, such as the skin, intestine and reproductive 
tract2.. Their development can be either thymus dependent or independent, they are not 
MHC-restrictedd and are able to recognize soluble protein and non-protein antigens of 
endogenouss origins3"5. These features distinguish yS T cells from the more common a(3 T 
cells.. The biological function of y8 T cells is not completely clear yet; an 
immunoregulatoryy role has been proposed in infectious and autoimmune diseases, 
app T cells, (referred to hereafter as T cells), develop in the thymus and are important 
playerss of the adaptive immune system where they are involved in the cellular immune 
response. . 

CD8++ T cells, also named cytotoxic T cells, are of particular importance in the defense 
againstt intracellular pathogens like viruses. Their T cell receptor (TCR) interacts with 
MHCC class I molecules (HLA class I molecules in humans), which are expressed by all 
nucleatedd cells and present peptides derived from cytoplasmic proteins. In this way 
CD8++ T cells will recognize infected cells and subsequently kill those by means of 
cytotoxicc molecules and induction of apoptosis. 
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Generall Introduction 

Thee TCR of CD4+ T cells recognize MHC class II molecules bearing peptides derived 
fromm exogenous antigens. MHC class II molecules are expressed on antigen-presenting 
cells,, like dendritic cells (DCs), macrophages and B cells. CD4+ T cells are also named 
helperr T cells because they play an important role in helping other cells in the immune 
system,, like CD8+ T cells and B cells. It has been described that CD4+ T cells can also 
havee a cytotoxic function themselves and could therefore directly play a role in 
eliminatingg infected cells6. 

CD8++ T cell differentiation in response to viruses 
Too start an adaptive immune response, antigen-presenting cells, especially DCs, are of 
particularr importance. Viruses may infect DCs and consequently viral peptides will be 
boundd to HLA-class I molecules as in any infected cell. Viral peptides will also be 
presentedd in both class I and class II when DCs ingest viral particles, which are 
degradedd into peptides, a mechanism known as cross-presentation. How exactly these 
peptides,, derived from extracellular proteins, are presented by HLA-class I molecules is 
incompletelyy understood. The uptake of viral proteins in combination with the recognition 
off so-called "danger"signals, such as dsRNA, by Toll-like receptors induces activation of 
DCs.. The activated DCs traffic to the lymphnodes where they encounter naive T cells. 
Thesee are able to continuously circulate through the secondary lymphoid organs as they 
expresss the chemokine receptor CCR7 and L-selectin (CD62L)7. Naive T cells with the 
rightt specificity will recognize the presented peptides in the specific HLA-molecule. This 
TCRR signal together with a second signal via the costimulatory receptors CD28 and/or 
CD27,, which are constitutively expressed by naive T cells8, results in proper activation of 
thee T cells. 
Activatedd naive T cells undergo clonal expansion and differentiate to effector cells in the 
expansionn phase of the immune response. The large pool of effector cells that is induced 
duringg acute infection is well armed to eliminate virus-infected cells. They have high 
contentss of the cytotoxic molecules perforin and granzyme, express Fas-ligand, which 
interactss with the death receptor Fas (CD95) thereby inducing apoptosis in infected 
targett cells. Effector T cells can produce high amounts of cytokines like IFNy and TNF 
that,, among other actions, cause up-regulation of MHC class I. During acute infection, 
effectorr CD8+ T cells are highly activated and vigorously proliferating9. 
Afterr the virus is cleared or the viral load has become very low, 90-95% of the effector 
celll population will die by apoptosis in the contraction phase of the immune response. 
Duringg the memory phase a small population of antigen-specific CD8+ T cells remains. 
Comparedd to naive cells, these memory cells are better equipped to respond to an 
infection.. Upon renewed infection with the same pathogen they can proliferate faster, 
producee higher amounts of cytotoxic molecules and are more resistant to apoptosis, 
therebyy rapidly limiting the effects of the infection10"15. Memory T cells are maintained 
independentt from MHC-contacts or antigen but do require the presence of the cytokines 
IL-77 and IL-1516"21. Several studies have suggested that the expansion and differentiation 
programm of memory cells is imprinted shortly after antigenic stimulation22"24. CD4+ T cell 
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help,, either during priming or during the memory phase, is required for CD8+ T cells to 

bee able to mount a proper secondary response25"28. 

Visualizationn of antigen-specific T cells 

Antigen-specificc T cells in humans can be visualized by a variety of techniques using 

differentt characteristics of the cells. HLA-peptide tetramers are most commonly used to 

identifyy virus-specific CD8+ T cells29. This complex of four HLA class I molecules bearing 

aa peptide of interest has a fluorescent label. CD8+ T cells that recognize the peptide in 

thee context of the HLA-molecule bind the tetramer and are in that way indirectly labeled 

withh a fluorochrome and can be detected by flowcytometry (Fig. 1). For the detection of 

CD4++ T cells, HLA-class II tetramers can be used, but so far these are less reliable than 

classs I tetramers and only very limited available. The major advantage of using HLA-

tetramerss is that it allows detection of antigen-specific T cells directly ex vivo without 

requiringg any in vitro re-stimulation. 

Tetramerr staining Intracellular CFSE labeling 
cytokinee staining 

unstimulated d 

CD88 IFNy CFSE 

CD D 
Q Q 
O O 

IFNyy CFSE 

FigureFigure 1: Visualization of antigen-specific T cells 

Anotherr way to visualize virus-specific T cells is by use of functional assays. The first 

examplee is intracellular cytokine staining30. To achieve that, PBMCs are activated with 

eitherr peptide (for CD8+ T cells) or whole virus (for CD4+ T cells) upon which the antigen-

specificc T cells will start making cytokines like IFNy. Adding a protein secretion-inhibitor 

allowss intracellular cytokine staining and flow cytometric analysis can then be used to 

visualizee the antigen-specific T cells (Fig. 1). The second example of a functional assay 

suitablee to identify antigen-specific cells is the use of the intracellular fluorescent dye 5,6-

carboxyfluoresceinn diacetate succinimidyl ester (CFSE). Upon cell division, the CFSE 

labelingg is equally distributed between the daughter cells and in this way cell divisions 

cann be analyzed. When PBMCs are stimulated with a certain peptide or antigen, only the 

antigen-specificc T cells will start to proliferate and can be identified by dilution of their 

CFSEE content (Fig. 1). 
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Alll techniques described here can be combined with staining for several differentiation 

markerss enabling phenotypic analysis of virus-specific T cells. Furthermore it is important 

too note that simultaneous use of the different techniques will give even more information 

aboutt the frequency, function and phenotype of virus-specific T cells. 

Differentt types of human memory cells in peripheral blood 

Inn the circulation of healthy individuals, various types of memory CD8+ T cells differing in 

functionn and phenotype can be distinguished (reviewed in 31). Different cell-surface 

markerss are used to identify the cells and divide them into different subsets. There is no 

consensuss yet as to which markers can best be applied, and therefore all possibilities 

willl be mentioned below. 

Usingg the combinations of CD27 and CD45RA the following discrimination in subsets 

cann be made: naive cells express high CD27 and CD45RA, cells expressing CD27 but 

nott CD45RA were named memory cells and cells that lost CD27 expresssion but re-

expressedd CD45RA were called effector cells8 (Fig. 2A). 

AA similar distribution can be made by means of expression of CD45RA and CCR7. Naive 

cellss are then again double positive, CCR7+CD45RA~ cells are called central-memory 

cells,, CCR7CD45RA" cells effector-memory cells and CCR7~D45RA+ cells are similarly 

namedd effector cells7 (Fig. 2B). 

CD277 CCR7 CD27 

Upperr right: naive Upper right: naive Upper right: early memory (+ naive) 
Lowerr right: memory Lower right: central-memory Lower right: intermediate memory 
Upperr left: effector Lower left: effector-memory Lower left: late memory 

Upperr left: effector 
Circel:: naive Circel: naive Circel: naive 

FigureFigure 2: Usage of different combinations of cell surface markers to define CD8+T cell subsets 

Anotherr differentiation model is based on the assumption that these different memory 

cellss are generated in steps along a linear differentiation pathway32. According to this 

model,, expression of the costimulatory receptors CD28 and CD27 can be utilized to 

discernn early, intermediate and late memory cells32 assuming that during differentiation 

firstt expression of CD28 and subsequently CD27 is lost (Fig. 2C). Early memory cells 

differr concerning the surface phenotype not so much from naive T cells except that these 

cellss lack CD45RA expression but they do express the costimulatory receptors CD27 
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andd CD28. The chemokine receptor CCR7 is present on a subpopulation of early 

memoryy cells. 

Onee step further in the differentiation pathway of CD8+ T cells are the intermediate 

memoryy cells. These cells have lost CCR7 expression and are thus unable to migrate to 

thee secondary lymphoid organs; instead these cells can migrate to the tissues. CD28 is 

noo longer expressed on the surface of intermediate memory cells but they do still 

expresss CD27. Intermediate memory cells have low cytotoxic capacity. 

Thee most differentiated memory CD8+ T cells are the late memory cells. These cells do 

nott express CCR7 and have uniformly lost expression of CD27 and CD28. Some of 

thesee cells have reverted from CD45R0 to CD45RA expression. These late memory 

cellss are highly cytotoxic, have high levels of perforin and granzyme, can quickly produce 

IFNyy and TNF and are able to kill directly ex vivo. 

naive e 

CD45RAA + - + 

CCR77 + + . . . . 

CD288 + + + . - . 

CD277 + + + + 

perforinn - - +/- +/- + ++ 

FigureFigure 3: Schematic overview linear differentiation CD8* T cells 

Differencee in viral specificity results in different phenotypes of memory CD8+ T 

cells s 

Itt is evident now that memory T cells specific for different human viruses preferentially 

havee distinct phenotypes. CD8+ T cells specific for influenza (FLU), respiratory syncytial 

viruss (RSV) or hepatitis C virus (HCV) usually express CD28 and CD27, are CD45RA~ 

andd have a variable expression of CCR7 and are thus classified as early memory cells. 

CD8++ T cells recognizing Epstein-Barr virus (EBV) can be found as early or intermediate 

memoryy cells. EBV-specific cells lack CCR7 and CD45RA, vary in CD28 expression but 

doo express CD27. Also CD8+ T cells specific for human immunodeficiency virus (HIV) 

aree mostly intermediate memory cells, usually CD28XD27*. The virus-specific cells that 

aree most differentiated are cytomegalovirus (CMV)-specific cells from which the majority 

cann be found as late memory cells, CCR7~CD28~CD27XD45RA+ although CMV-specific 

cellss can also be found in other differentiation stages32'43. 
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Itt is still not completely clear what determines whether memory cells stop early in the 
differentiationn pathway or continue to differentiate until they become late memory 
cells3132.. Clearly, the type of virus including the tropism, the latency-state and the 
functionall properties of the T cells necessary to control the virus determines for a large 
partt what type of memory T cells are induced in response to infection. Since CD8+ T 
cellss specific for viruses that are cleared by the immune system are usually less 
differentiatedd than T cells responding to persistent viruses, the level of antigenic 
stimulationn is probably an important factor. Another argument for the role of antigen 
comess from the finding that that CMV-specific cells in immunocompromised individuals, 
likee transplant recipients, have a more differentiated phenotype than in healthy 
controls41.. As CMV reactivation will occur more frequently in these patients, the T cells 
aree consequently regularly exposed to antigen resulting in further differentiation. Still, 
sincee T cells with the same specificity can have different phenotypes there should be 
moree factors influencing the T cell response than just the different viruses and the 
antigenicc load. Most likely cytokines and other environmental factors also play a role, as 
welll as the virulence of the virus strain and possibly some intrinsic host aspects like the 
HLAA phenotype. 

Cytomegaloviruss (CMV) 
CMVV is a p-herpes virus that in the western world infects around 60% of the healthy 
individuals.. Like many other human viruses, CMV is a persistent virus that after primary 
infectionn becomes latent and then has a tropism for monocytes, macrophages and 
endotheliall cells. Primary CMV infection in healthy individuals is mostly asymptomatic 
andd is thus often not recognized. However, in immunocompromised patients, like bone-
marroww transplant patients, solid organ transplant recipients and HIV patients, CMV can 
causee serious life threatening disease44. Also primary CMV infection during pregnancy 
oftenn results in severe clinical symptoms, like deafness and mental retardation in the 
child.. In healthy individuals CMV seropositivity is associated with the development of 
atheroscleroticc cardiovascular diseases45"47. Because of all these harmful effects of CMV 
infection,, developing a vaccine for CMV has been given a high priority48. 

CMVV and the immune system 
CMVV and the human immune system have evolved together for a very long period which 
hass resulted in mutual adaptations. The immune system is capable of inducing very 
potentt cells to fight the infection but the virus itself has developed some smart tricks to 
evadee the immune system (reviewed in 49). For example, virus-infected cells down-
regulatee MHC class I molecules thereby hampering immune recognition of the cells50. To 
preventt an attack by natural killer (NK) cells as a consequence of the lack of MHC class 
I,, infected cells start to express a class I homologue51. Infected cells are also made more 
resistantt to apoptosis, amongst others by suppression of caspase 8 and inhibition of the 
activationn of mitochondria52153. CMV is also able to manipulate the immune system by 
producingg a viral IL-10 homologue which inhibits immunity and production of the viral 
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chemokinee CXCL-1 thereby modulating the migration of cells bearing the receptor 

CXCR2,, like neutrophils54"56. 

Nevertheless,, in healthy individuals the immune system is capable to control, although 

nott completely clear CMV infection. Several cell types play a role in this response. NK 

cells,, which constitute components of the innate immune system, are most important in 

thee initial response to the virus. The percentage of circulating y8 T cells is greatly 

enhancedd after primary CMV infection but there exact function in controlling CMV is still 

unknown57.. B cells form neutralizing antibodies to CMV but until now no major role for 

antibodiess has been described in control of the infection. The most important players in 

thee adaptive immune response to CMV are the CD8+ and also CD4+ T cells58. 

Duringg primary CMV infection which results from the transplantation of a kidney from a 

CMV-seropositivee donor in a CMV-seronegative recipient, the kinetics of the cellular 

immunee response to CMV can accurately be followed. The CMV viral load can 

quantitativelyy be measured using a PCR for CMV DNA in whole blood. Around 10 days 

afterr the first rise in CMV viral load, CMV-specific CD4+ T cells can be detected in the 

peripherall blood of patients with an asymptomatic primary CMV infection59. One week 

laterr CMV-specific antibodies can be detected and around two weeks after appearance 

off virus-specific CD4+ T cells, CMV-specific CD8+ T cells can be detected. 

Thee importance of CMV-specific CD4+ T cells is apparent since in symptomatic primary 

CMVV infections the appearance of these cells is severely delayed60. 

Whenn first detected, CMV-specific CD8+ T cells express CD28, CD27 and CD45R0. 

Duringg infection they first lose CD28 expression and only after cessation of the viral load, 

theyy differentiate to CD27 cells and some cells revert from CD45R0 to CD45RA 

expression60. . 

Interestingly,, CMV infection has a profound effect on the composition of the total CD8+ T 

celll pool. CMV-seropositive individuals have much higher frequencies (both in 

percentagess and absolute numbers) of effector-type CD8+CD45RA+CD27~ T cells in their 

peripherall blood than CMV-seronegative individuals61. This was only found for CMV 

infectionn and not for any of the other viruses that were investigated. Also during primary 

CMVV infection the distribution of the total CD8+ T cell population changes between the 

differentt stages of differentiation towards more effector-type cells60. So, somehow, CMV 

shapess the differentiation of the CD8+ T cells and thereby has a large impact on the total 

TT cell pool. 

Scopee of this thesis 
InIn the last years considerable progress has been made in understanding human anti-

virall T cell responses. 

Thiss thesis focuses on the virus-specific T cells that remain after the acute infection, the 

putativee memory cells. Their development during primary infection and their 

maintenancee thereafter were studied. Both phenotype and function of virus-specific 

memoryy cells were studied whereby the emphasis was put on CMV-specific T cells. 

Thesee CMV-specific memory T cells were compared to T cells specific for other viruses 
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ass EBV, FLU and RSV. The studies were performed both in healthy individuals and in 

renall transplant recipients making it possible to determine the effect of immune 

suppressionn on the T cell responses to various viruses. 
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